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Abstract
The iron ore tailings released into the Rio Doce basin after the Fundão dam collapse (Brazil), suppressed a large extent of local 
vegetation. The use of native species and appropriate fertilization techniques, with less economic and environmental impact, 
must be considered in the process for the restoration of affected areas by the tailings. For this purpose, six native tree species, 
pioneer (Anadenanthera colubrina, Bixa orellana, and Peltophorum dubium) and secondary (Cedrela fissilis, Handroanthus 
impetiginosus, and Handroanthus serratifolius), were selected. We used different conditions of fertilization: (1) inorganic 
fertilization, (2) inoculation with arbuscular mycorrhizal fungi and plant growth-promoting rhizobacteria, (3) combined treat-
ment (fertilizer + inoculum), to evaluate leaf nutrient concentrations, photosynthetic capacity [chlorophyll index, maximum 
quantum efficiency of photosystem II (Fv/Fm) and gas exchange variables], and oxidative metabolism (H2O2, MDA, and 
antioxidant enzymes). Inoculation resulted in higher concentrations of foliar nitrogen, especially in pioneer species. In all 
treatments, the secondary species exhibited iron values considered phytotoxic, but showed reduced photosynthetic capacity 
only when inoculated. The highest concentrations of MDA were observed in inoculated plants of both successional groups. 
The antioxidant system proved to be effective in preventing oxidative damage for most of the species. These results showed 
that the use of inoculum can be considered an ecological alternative to inorganic additives in the area affected by iron ore 
tailings. Despite presenting different photosynthetic and antioxidant strategies, the evaluated species demonstrated potential 
for use in tailings revegetation projects.
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Introduction

A large extension of the Rio Doce basin is inserted in the 
Atlantic Forest, one of the most degraded biomes on the 
planet and a global hotspot for biodiversity conservation 

(Myers et  al. 2000). The development of unsustainable 
human activities (mining, smelting, pasture, extensive agri-
culture, among others) in this basin has led to the removal 
of significant amounts of vegetation and successive deposi-
tions of potentially toxic metals in the environment over time 
(Santolin 2015). The large input of metals as a result of the 
intense extraction and processing of ore and the indiscrimi-
nate use of fertilizers in agricultural areas has generated 
chronic contamination of the waters and soils of the region 
(Hora et al. 2012). Added to the extensive history of deg-
radation was the environmental disaster resulting from the 
failure of the Fundão dam in Mariana (Minas Gerais, Brazil) 
in November 2015. The failure resulted in the dumping of 
a large amount of iron ore tailings, which suppressed part 
of the vegetation and caused changes in the chemical and 
physical composition of soils in the middle Rio Doce basin 
(Hatje et al. 2017). Natural regeneration of local vegeta-
tion could be compromised due to the chemical composition 
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of the tailings, with a predominance of low availability of 
organic matter and essential nutrients for plant development, 
as well as high concentrations of trace metals such as iron 
and manganese (Segura et al. 2016; Andrade et al. 2018; 
Cruz et al. 2020).

When excessively absorbed, trace metals tend to accumu-
late in cells, affecting the metabolism and causing symptoms 
of toxicity in plants (Sharma and Agrawal 2005). Plants 
under stress by trace metals experience an exacerbated pro-
duction of reactive oxygen species (ROS) due to the direct 
transfer of electrons between free O2, resulting from photo-
chemical reactions, and transition metals such as Mn and Fe 
(Hajiboland 2014). Excessive production of ROS can gener-
ate a significant increase in lipid peroxidation by-products, 
such as malonaldehyde (MDA), and impact photosynthetic 
activity (Rai et al. 2016) through energy imbalance and 
reduced assimilation and/or fixation of carbon (Takahashi 
and Murata 2008). On the other hand, ROS overproduction 
stimulates biosynthesis and activation of the antioxidant 
system, which reduces the incidence of cellular damage 
by oxidative stress (Bailly et al. 2008). When efficient in 
maintaining ROS levels, the antioxidant system gives plants 
greater cellular protection and tolerance to survive in sub-
strates contaminated by trace metals (Gomes et al. 2014a).

Studies have shown that the development of seedlings 
of both native tree species and agricultural species in this 
sediment was limited by the low concentration of nutrients 
(Segura et al. 2016; Andrade et al. 2018; Cruz et al. 2020, 
2021; Almeida et al. 2022a, 2022b). Fertilization is neces-
sary for the planting of plant species in degraded and/or 
contaminated soils, and nutrient addition is generally carried 
out with nitrogen and phosphate chemical fertilizers (Tian 
et al. 2003). However, cleaner revegetation techniques, from 
an ecological point of view, have been developed. One such 
technique is the cultivation of plants inoculated with arbus-
cular mycorrhizal fungi (AMF) and plant growth-promoting 
rhizobacteria (PGPR) (Burity et al. 2000). In addition to 
reducing the high costs of chemical fertilization, these types 
of mutualistic associations also represent an alternative for 
sustainable fertilization capable of giving plants greater 
capacity for the absorption of essential elements (mainly 
phosphorus and nitrogen), with direct implications for the 
performance of plants in the field (Tian et al. 2003).

Based on these premises, this study aimed to investigate 
the effects of inorganic fertilization, inoculation with AMF 
and PGPR and combined treatment (inorganic fertiliza-
tion + inoculation) on leaf nutritional status, photosynthetic 
performance and oxidative metabolism of six native pioneer 
and secondary tree species growing in an area impacted by the 
iron ore tailings extravasated from the Fundão dam. The study 
aimed to answer the following questions: (1) are the differ-
ent fertilization conditions equally efficient at promoting the 
nutritional status required for the maintenance of the essential 

physiological processes of native tree species? (2) under field 
conditions, do plants of different successional groups also 
exhibit different physiological strategies to develop in the 
tailings with high concentrations of iron and manganese? (3) 
does physiological response to fertilization treatments differ 
between species of the same successional groups?

Material and methods

Characterization of the experimental area

Field experiments were carried out in approximately 1.5 
hectares of an area affected by iron ore tailings from the 
failure of the Fundão dam, located at Fazenda Paracatu in 
the district of Paracatu de Baixo (20°17′52″S 43°14′3″W), 
municipality of Mariana, Minas Gerais, Brazil. The macro-
climate of the region is warm temperate with seasonal water 
deficit (Cwa by the Köppen System). Monthly averages for 
air temperature and rainfall for the period between plant-
ing and carrying out physiological analyses in the field are 
shown in Fig. 1.

Tailing nutrient concentrations and pH were evaluated 
using nine replicates of substrate samples collected from 
the planting hole, at a depth of no more than 10 cm. Con-
centrations of the nutrients P, K, Ca, Mg, S, Na, Cu, Ni, Zn, 
Fe, and Mn were determined in 1-g aliquots of tailings, pre-
pared and extracted according to Rauret and López-Sánchez 
(2001). Analyses were performed using an inductively cou-
pled plasma optical emission spectrometer (ICP-OES, Agi-
lent 725). The pH was determined in the proportion 1:2.5 

Fig. 1   Climate diagram of monthly average rainfall (bars), minimum 
and maximum temperature (dots) for Mariana, Minas Gerais, Brazil. 
Sources: Brazilian National Institute of Meteorology (INMET) and 
National Center for Monitoring and Warning of Natural Disasters 
(CEMADEN), 2020
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(v/v) of tailings: KCl (Teixeira et al. 2017). The chemi-
cal characterization of the formed technosoil is shown in 
Table 1.

Plant material and experimental design

Three pioneer species [Anadenanthera colubrina (Vell.) Bre-
nan (Fabaceae), Bixa orellana L. (Bixaceae), Peltophorum 
dubium (Spreng.) Taub. (Fabaceae)] and three secondary 
species [Cedrela fissilis Vell. (Meliaceae), Handroanthus 
impetiginosus (Mart. ex DC.) Mattos (Bignoniaceae), and 
Handroanthus serratifolius (Vahl) S.O.Grose (Bignoniaceae)] 
were selected based on their natural occurrence in the Rio 
Doce basin (Lombardi and Gonçalves 2000) and on the results 
obtained by Cruz (2018). Seedlings were produced directly in 
PVC tubes containing substrate fertilized with mixed mineral 
fertilizer “Osmocote Plus 15–9-12” (15% N, 9% P2O5, 12% 
K2O, 1.3% Mg, 6% S, 0.05% Cu, 0.46% Fe, 0.06% Mn, and 
0.02% Mo; Dublin, US). In the nursery, 90 days before plant-
ing, inoculum based on microorganisms, obtained by the on 
farm technique (Czerniak and Stümer 2014), containing AMF 
and PGPR was added to the seedling substrate intended for 
inoculation treatments. The inoculum was provided by the 
micro-company Cogumê Biotecnologia in partnership with 
the Laboratório de Associações Micorrízicas of the Univer-
sidade Federal de Viçosa (Brazil).

Three treatments were used in field planting: (1) fertili-
zation (F), in which plots received only inorganic fertilizer 
(100% of the dose of Osmocote Plus 15–9-12 recommended 
for native trees; 120 g of fertilizer per planting hole); (2) 
combined fertilization (FI), in which plots received half 
the dose of both the fertilizer and the inoculum based on 
AMF and PGPR; and (3) inoculation (I), in which the plots 
received only inoculum (150 g of compost per planting 

hole). Three plots with similar topography were used for 
each treatment for comparative purposes. Each plot received 
20 seedlings of each one of the six plant species. In situ 
planting was carried out in the first week of January 2020 
(rainy season). The seedlings, with about 30 cm in height, 
were arranged linearly, with a spacing of 3 m × 3 m, alter-
nating the species of the successional groups. Planting was 
monitored and invasive species were controlled by manual 
mowing the plots.

Leaf nutrient concentrations, photosynthetic param-
eters, and markers of oxidative metabolism were evaluated 
5 months after planting using fully expanded and visually 
healthy leaves of nine individuals (replications) per treat-
ment, per species.

Leaf nutrient concentrations

The concentrations of N, P, K, Ca, Mg, S, Zn, Fe, and Mn 
were determined after the leaves were cleaned in running 
water, dried at 65 ºC in a forced circulation oven (FANEM 
320-SE) until constant weight and macerated in a vibrat-
ing mill (Retsch MM 400). Samples (200 mg of ground 
plant tissue) were digested in nitro-perchloric solution (3:1) 
and submitted to mineral content quantification by atomic 
absorption spectrophotometry (Malavolta et al. 1997).

Photosynthetic parameters

Photosynthetic variables (total chlorophyll, chlorophyll a 
fluorescence, and gas exchange) were evaluated in the sec-
ond pair of leaves from the shoot apex. Total chlorophyll 
content was determined from three measurements car-
ried out in the middle portion of the leaf, using a portable 
chlorophyll meter ClorofiLOG (CFL1030, Falker, Brasil). 
Gas exchange analyses were performed using a Li 6400XT 
infrared gas analyzer Li 6400XT (Li-Cor Inc., Lincoln, NE, 
USA). Light intensity (1500 µmol m−2 s−1) was maintained 
by a LED light source (6400-02B, Li-Cor Inc.). Measure-
ments were made using a CO2 control system (6400–01, 
Li-Cor Inc.) at 400 µmol  mol−1 CO2. During evaluation 
days, the average air temperature fluctuated between 29 and 
30 °C and air relative humidity between 49 and 51%. The 
obtained data were used to determine net photosynthesis 
(A, µmol m−2 s−1), stomatal conductance (gs, mol m−2 s−1), 
transpiration (E, mmol m−2 s−1), internal and external CO2 
concentration ratio (Ci/Ca, µmol mol−1), and instantaneous 
water use efficiency (WUEi = A/E). Chlorophyll a fluores-
cence was evaluated in the same leaves, in parallel with gas 
exchange measurements, using a Mini-PAM fluorometer 
(Heinz Walz, Effeltrich, Germany). Minimum fluorescence 
(F0) and maximum fluorescence (Fm) were determined after 
acclimating leaves in the dark for at least 30 min. The maxi-
mum quantum efficiency of photosystem II (PSII; Fv/Fm) 

Table 1   Chemical characterization of the formed technosoil in the 
planting area impacted by iron ore tailing deposition. Values repre-
sent means ± SD (n = 9)

Parameters Tailing

pH 5.92 ± 0.2
P (mg kg−1) 422.2 ± 35.9
K (mg kg−1) 43.2 ± 2.8
Mg (mg kg−1) 112.3 ± 11.4
Ca (mg kg−1) 223.7 ± 48.6
S (mg kg−1) 44.4 ± 4.7
Na (mg kg−1) 21.0 ± 3.8
Cu (mg kg−1) 7.1 ± 1.1
Ni (mg kg−1) 4.0 ± 0.8
Zn (mg kg−1) 28.1 ± 4.4
Mn (mg kg−1) 994.5 ± 82.5
Fe (mg kg−1) 274,015.7 ± 36,625.7
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was calculated based on the values of F0 and Fm (Fm – F0) / 
Fm (Genty et al. 1989).

After photosynthetic evaluations, the leaves were col-
lected, weighed, and stored at − 80 °C until the time of bio-
chemical evaluations.

Quantification of H2O2 and MDA

Quantification of H2O2 was performed with leaf tissue samples 
(0.1 g) macerated in liquid nitrogen, homogenized with 0.1% 
trichloroacetic acid (TCA), and centrifuged at 12,000 g for 
15 min. The extract then received 10 mM potassium phosphate 
buffer, pH 7.0 and 1 M potassium iodide (KI). The absorb-
ance was read at 390 nm and the H2O2 content determined by 
a standard curve, according to Velikova et al. (2000).

Lipid peroxidation was estimated for leaf tissue samples 
(0.05 g) macerated in liquid nitrogen and homogenized in 1 mL 
of 80% ethanol. After three extractions, 1 mL of the final vol-
ume was used for reaction with 1 mL of 20% TCA solution, 
0.65% thiobarbituric acid (TBA), and 0.01% butylhydroxytolu-
ene (BHT) as a positive control. The extent of lipid peroxida-
tion, according to MDA levels, was determined spectrophoto-
metrically according to Du and Bramlage (1992).

Enzymatic antioxidant system

Extract for quantification of antioxidant enzymes was pre-
pared according to Gomes et al. (2014b). Leaf tissue samples 
(0.1 g) were macerated in liquid nitrogen and homogenized 
with 1 mL of potassium phosphate buffer (100 mM at pH 7.8), 
with 100 mM of EDTA, 1 mM of ascorbic acid, and 5% of 
PVP. The extract was centrifuged at 12,000 g (4 °C) and used 
to determine enzyme activity and protein content. Protein dos-
age was performed by the method of Bradford (1976).

Catalase activity (CAT; EC1.11.1.6) was determined 
according to Aebi (1984); ascorbate peroxidase (APX; EC 
1.11.1.11) according to Nakano and Asada (1981); superox-
ide dismutase (SOD; EC 1.15.1.1) according to Giannopolitis 
and Ries (1977); and glutathione reductase (GR; EC 1.6.4.2) 
according to Foyer and Halliwell (1976).

Statistical analysis

Data were previously submitted to tests for normality of 
residuals (Shapiro–Wilk) and homogeneity of variances 
(Levene’s test). Normal and homoscedastic or successfully 
transformed data (log + 1) were submitted to analysis of vari-
ance by ANOVA, followed by comparison of means (Tuk-
ey’s test) with a significance level of p < 0.05. Transformed 
data that did not meet ANOVA assumptions were submitted 
to the non-parametric Kruskal Wallis test, using R software 
version 4.0.2 (R Development Core Team 2020). The data-
set was also used to create a Principal Component Analysis 

(PCA) correlation matrix using factoextra and readxl pack-
ages of R software version 4.0.2.

Results

Leaf nutrient concentrations

Leaf tissue nutrient concentrations were partially affected 
by treatment, depending on the species (Table 2). The spe-
cies A. colubrina and H. impetiginosus had higher N con-
centrations when submitted to both inoculation treatments 
(FI and I) (p < 0.05). The species B. orellana, P. dubium 
and C. fissilis had higher N when exposed to inoculation 
and H. serratifolius when growing in the combined treat-
ment (p < 0.05). No significant differences were found for 
leaf P concentration among treatments for all species, with 
the exception of H. serratifolius, which had higher concen-
trations in fertilization and combined treatments (p < 0.05). 
There were no significant differences in concentrations 
of K, Mg, Ca, S, and Zn among treatments for all species 
evaluated (p > 0.05). Higher concentrations of Mn were 
found for the pioneer species A. colubrina, B. orellana, 
and P. dubium when treated with fertilization (F and/or FI) 
(p < 0.05). Higher concentrations of Mn were also observed 
for the secondary species C. fissilis and H. impetiginosus 
when exposed to fertilization and for H. serratifolius when 
growing in inoculation treatment (p < 0.05). The species A. 
colubrina, B. orellana, P. dubium, and H. impetiginosus had 
higher Fe when subjected to fertilization treatments (F and 
FI), as did C. fissilis when exposed to only inorganic ferti-
lizer (F) and H. serratifolius when exposed to the combined 
treatment (p < 0.05; Table 2).

Photosynthetic parameters

Chlorophyll content did not vary significantly among treat-
ments for B. orellana, P. dubium and H. impetiginosus 
(p > 0.05). However, A. colubrina had lower chlorophyll 
values when subjected to fertilization and C. fissilis and H. 
serratifolius when subjected to inoculation, compared to the 
other treatments (p < 0.05). The only difference observed for 
maximum efficiency of PSII (Fv/Fm) was a lower value for 
C. fissilis in the inoculation treatment (I) (p < 0.05; Fig. 2).

No significant differences were observed among treat-
ments for net photosynthetic rate (A), with the exception of 
H. impetiginosus and H. serratifolius, for which the lowest 
values were for the inoculation treatment (p < 0.05). The 
highest values for stomatal conductance (gs) were observed 
for P. dubium, H. impetiginosus, and H. serratifolius of fer-
tilization treatment and for A. colubrina subjected to com-
bined treatment (p < 0.05). There was no significant differ-
ence in gs among treatments for B. orellana and C. fissilis 
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(p > 0.05). A higher transpiration rate (E) was observed for 
B. orellana, P. dubium, and H. impetiginosus of the fertili-
zation treatment (F), for A. colubrina exposed to the com-
bined fertilization treatment (FI), and for H. serratifolius of 
treatments F and FI (p < 0.05). Differences in the internal 
and external carbon ratio (Ci/Ca) were detected only for 
A. colubrina and P. dubium, with the highest values of Ci/
Ca for both fertilization treatments (p < 0.05). The species 
B. orellana and P. dubium exhibited higher instantaneous 
water use efficiency (WUEi) for combined treatment and 
lower for fertilization treatment (p < 0.05). The species H. 
impetiginosus and H. serratifolius had higher WUEi values 
with the fertilization treatments (F and FI) (p < 0.05; Fig. 2).

Quantification of MDA and H2O2

Leaf concentrations of MDA and H2O2 were affected by 
treatment for most of the investigated species (p < 0.05; 
Fig. 3). Leaf tissue MDA concentration was higher for plants 
submitted to the inoculation treatment, than for those in the 

other treatments, for all species studied (p < 0.05). The spe-
cies A. colubrina, B. orellana, C. fissilis, and H. impetigino-
sus had their highest H2O2 values when submitted to treat-
ments containing inoculum, while P. dubium had a higher 
H2O2 concentration when submitted to inorganic fertilized 
treatments (p < 0.05). There was no difference in H2O2 con-
centration among treatments for H. serratifolius (p > 0.05).

Enzymatic antioxidant system

Antioxidant system enzyme activity is shown in Fig.  3. 
Most species, except C. fissilis, had higher CAT activity 
when treated with inoculation (FI and/or I), in relation to 
the fertilization treatment (F) (p < 0.05). The pioneer spe-
cies A. colubrina and P. dubium exhibited higher APX 
activity in the combined treatment, and the secondary spe-
cies C. fissilis in both treatments involving fertilization (F 
and FI; p < 0.05). The three pioneer species (A. colubrina, B. 
orellana, and P. dubium) showed higher GR activity when 
treated with fertilization (F and FI; p < 0.05). For half of the 

Table 2   Leaf nutrient concentration of tree species submitted to inorganic fertilization (F), combined treatments (FI), and inoculation (I). Values 
represent the means ± SD (n = 9). Different letters indicate significant differences between treatments (P < 0.05)

A. colubrina B. orellana P. dubium C. fissilis H. impetiginosus H. serratifolius

N (dag/kg) F 1.7 ± 0.2 b 1.7 ± 0.2 b 1.6 ± 0.2 b 1.6 ± 0.2 b 1.4 ± 0.1 b 1.6 ± 0.2 b
FI 1.9 ± 0.1 a 1.7 ± 0.2 b 1.6 ± 0.1 b 1.6 ± 0.2 b 1.8 ± 0.1 a 2.0 ± 0.2 a
I 2.1 ± 0.2 a 2.1 ± 0.2 a 2.0 ± 0.1 a 1.9 ± 0.2 a 1.9 ± 0.1 a 1.5 ± 0.1 b

P (dag/kg) F 0.46 ± 0.08 0.14 ± 0.04 0.14 ± 0.02 0.20 ± 0.05 0.21 ± 0.06 0.25 ± 0.02 a
FI 0.45 ± 0.09 0.16 ± 0.02 0.14 ± 0.02 0.21 ± 0.06 0.22 ± 0.06 0.26 ± 0.02 a
I 0.46 ± 0.09 0.16 ± 0.02 0.13 ± 0.02 0.20 ± 0.04 0.23 ± 0.05 0.20 ± 0.01 b

K (dag/kg) F 0.8 ± 0.1 1.2 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.9 ± 0.3
FI 0.6 ± 0.1 1.2 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.2
I 1.0 ± 0.2 1.3 ± 0.2 0.8 ± 0.1 1,0 ± 0.2 0.8 ± 0.3 0.8 ± 0.2

Mg (dag/kg) F 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.1
FI 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1
I 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1

Ca (dag/kg) F 1.5 ± 0.3 1.3 ± 0.1 1.2 ± 0.2 2.2 ± 0.1 2.5 ± 0.2 1.2 ± 0.1
FI 1.9 ± 0.4 1.6 ± 0.2 1.3 ± 0.2 1.8 ± 0.2 3.0 ± 0.3 1.6 ± 0.2
I 1.3 ± 0.2 1.4 ± 0.1 1.2 ± 0.2 1.8 ± 0.1 3.0 ± 0.3 1.3 ± 0.2

S (dag/kg) F 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
FI 0.4 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1
I 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1

Zn (mg/kg) F 27.6 ± 4.1 28.8 ± 4.1 14.8 ± 2.0 12.8 ± 1.8 17.6 ± 2.2 12.4 ± 2.3
FI 28.2 ± 4.8 28.9 ± 3.3 17.6 ± 2.7 13.7 ± 2.2 23.9 ± 4.0 13.7 ± 2.2
I 28.3 ± 2.8 29.0 ± 5.8 15.8 ± 3.5 14.5 ± 2.2 17.5 ± 2.8 12.7 ± 2.7

Mn (mg/kg) F 100.8 ± 15.3 a 270.5 ± 16.8 b 145.5 ± 37.3 a 63.9 ± 13.6 a 316.9 ± 52.9 a 74.5 ± 18.3 c
FI 102.4 ± 21.4 a 316.1 ± 40.9 a 138.8 ± 44.6 a 40.5 ± 9.6 b 237.1 ± 53.0 b 121.1 ± 17.2 b
I 42.9 ± 9.1 b 169.9 ± 47.0 c 97.5 ± 18.1 b 42.1 ± 9.7 b 182.7 ± 62.4 b 215.4 ± 50.2 a

Fe (mg/kg) F 600.0 ± 119.9 a 292.4 ± 44.9 a 284.1 ± 89.3 a 1232.0 ± 138.6 a 1848.7 ± 277.6 a 993.8 ± 162.5 b
FI 509.4 ± 103.1 a 342.3 ± 78.4 a 305.4 ± 81.1 a 867.2 ± 163.3 b 1691.5 ± 381.8 a 1309.4 ± 141.5 a
I 329.41 ± 79.9 b 96.5 ± 19.7 b 174.9 ± 51.6 b 696.5 ± 69.0 b 1385.1 ± 395.7 b 1091.2 ± 78.7 b
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investigated species, the SOD activity was affected by treat-
ments (P < 0,05). A. colubrina exhibited higher SOD activity 
when treated with inoculation (I), while for P. dubium and 
C. fissilis, the higher SOD values were observed in plants 
grown in both fertilization treatments (F and FI). In addition, 
the maximum value of SOD activity observed in the pioneer 
species was 0.03 ± 0.01 U min−1 g protein−1, while for the 
secondary species the values reached 0.06 ± 0.01 U min−1 g 
protein−1 (Fig. 3).

Principal component analysis

The principal component analysis (PCA) shows the rela-
tionship between the physiological parameters measured 
for the native tree species during initial growth in the tail-
ings and the different fertilization conditions promoted in 
the field. The principal components generated by the PCA 
explained 43.7% of the variability in the data, with 23.2% 
of this total by dimension 1 (Dim 1), and 20.5% by dimen-
sion 2 (Dim 2) (Fig. 4). The PCA shows a clear separation 
of species according to ecological functional groups, with 
opposite ordering between the pioneer species A. colub-
rina, B. orellana, and P. dubium and the secondary spe-
cies C. fissilis, H. impetiginosus, and H. serratifolius. The 
PCA also correlates the studied species with strategies 
that favored plant tolerance in the field. The responses 
of pioneer species (A. colubrina, B. orellana, and P. 
dubium) were characterized by the highest concentration 
of N, greater water use efficiency, and the maintenance 
of photosynthetic assimilation, transpiration capacity, and 
antioxidant enzyme activity. In contrast, the physiologi-
cal responses of late secondary species to tailings with 
different fertilization conditions were modulated by foliar 
concentrations of the nutrients iron and manganese, total 
chlorophyll, and parameters indicative of oxidative stress 
(MDA and H2O2) (Fig. 4).

Discussion

The different fertilization conditions in the field promoted 
the development of native trees and allowed inferences 
to be made about possible ecological strategies that con-
tributed to the establishment of plants in the tailings. In 

general, the treatments used were equally effective in 
maintaining the nutritional and physiological performance 
of the species evaluated in this study.

The highest nitrogen values found in the leaf tissue of 
plants of the inoculation treatments (FI and/or I) repre-
sented an increase of about 23% in the pioneer species 
and from 19 to 35% in the secondary species, in com-
parison with the fertilized plants (F). All species were 
able to maintain satisfactory phosphorus levels for initial 
development, around 0.2 dag/kg−1 according to Marschner 
(2012), in all treatments, even those of H. serratifolius, 
which had a lower concentration of this nutrient in the 
inoculation treatment (I). Both nitrogen and phosphorus 
are macronutrients that play fundamental roles in the 
photosynthetic process (Harper 1994), being constitu-
ents of essential biomolecules for this metabolism, such 
as chlorophylls and ATP (Hawkesford et al. 2012). The 
use of a microorganism-based inoculum (such as AMF 
and RBCP) is highly recommended in projects to restore 
impacted areas (Berruti et al. 2016), including mining tail-
ings (Gamalero et al. 2009), as they help the revegetation 
process by supplying fixed nitrogen and making phospho-
rus bioavailable to plants, in exchange for photoassimi-
lates (Sheoran et al. 2010). The inoculation technique is 
commonly performed with plants of the family Fabaceae, 
due to the well-established relationship between its species 
and nitrogen-fixing rhizobacteria (Neuenkamp et al. 2019). 
However, the present study suggested that, in addition to 
those of Fabaceae, plants of species of the families Bigno-
niaceae, Bixaceae, and Meliaceae may respond positively 
to inoculation with greater accumulation of nitrogen in 
their leaves in this treatment. The increased absorption of 
phosphorus by plant species in symbiosis has been consist-
ently reported in the literature (Matias et al. 2009; Prates 
Júnior et al. 2021). However, in the present study, a higher 
concentration of phosphorus was not observed in plants 
submitted to inoculation treatments, compared to fertiliza-
tion treatment.

Although they are essential nutrients for proper plant 
growth, when in excess, manganese and iron can become 
toxic to plants (Hänsch and Mendel 2009). Manganese 
acts as a cofactor in the water oxidation process of photo-
system II for the generation of O2 and also as a ligand for 
enzymes involved in antioxidant defense (e.g., SOD-Mn) 
and nitrogen metabolism (glutamine synthetase and argi-
nase) (Hänsch and Mendel 2009). Reference values for the 
toxicity of this nutrient are not clear for many plant species 
(El-Jaoual and Cox 1998), however, foliar concentrations 
above 50 mg kg−1 dry weight are considered satisfactory 
for plant growth (Marschner 2012). The concentration 
of manganese in leaves found here (between 42.9 and 
316.9 mg kg−1) is within the range expected for terrestrial 
plants (5–2000 mg kg−1 of leaf dry matter), according to 

Fig. 2   Total chlorophyll content (index of chlorophyll Falker – ICF), 
maximum quantum yield of PSII (Fv/Fm), CO2 assimilation rate (A), 
stomatal conductance (gs), transpiration rate (E), ratio of internal to 
external CO2 (Ci/Ca), instantaneous water use efficiency (WUEi) of 
tree species submitted to inorganic fertilization (F), combined treat-
ments (FI), and inoculation (I). The bars represent the means ± SD 
(n = 9). Different letters indicate significant differences between treat-
ments (P < 0.05). ns = non-significant difference

◂
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Fig. 3   Concentrations of malondialdehyde (MDA), hydrogen per-
oxide (H2O2), and antioxidant enzymes activity (CAT, APX, GR e 
SOD) of tree species submitted to inorganic fertilization (F), com-

bined treatments (FI), and inoculation (I). The bars represent the 
means ± SD (n = 9). Different letters indicate significant differences 
between treatments (P < 0.05). ns = non-significant difference
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Sheoran et al. (2010). Symptoms of manganese toxicity 
were not observed in plants studied here. Further, they 
were similar to the concentrations observed by Silva et al. 
(2021) for P. dubium in hydroponic cultivation and sig-
nificantly lower than the values recorded by Cruz et al. 
(2020) and Cruz et al. (2021) for tropical trees growing 
on fertilized tailings in a greenhouse.

Iron concentrations considered phytotoxic (above 
500 mg kg−1 of dry leaf mass) (Pugh et al. 2002) were found 
for the species A. colubrina in treatments F and FI and for C. 
fissilis, H. impetiginosus, and H. serratifolius, regardless of 
treatment. Similarly, phytotoxic concentrations of iron were 
found in leaves of herbaceous plants (Zago et al. 2019; Rios 
et al. 2021), trees (Cruz et al. 2020, 2021; Matos et al. 2020), 
and plants of agricultural interest (Almeida et al. 2022a) 
when grown in a substrate rich in iron ore residues. Iron is 
an essential metal in several physiological processes, such 
as the biosynthesis of DNA and plant hormones, nitrogen 
metabolism, respiration, and photosynthesis (Hänsch and 
Mendel 2009); is required as a cofactor of enzymes such 
as SOD-Fe, catalase, and ascorbate peroxidase; and has a 
central role as a catalyst for redox reactions (Becana et al. 

1998). When present in high concentrations in leaf tissue, 
this transition metal induces overproduction of reactive oxy-
gen species (ROS) via the Fenton reaction, which can cause 
irreversible damage to cell membranes (Becana et al. 1998; 
Kobayashi and Nishizawa 2012).

Interestingly, plants of the inoculated treatment showed 
up to three times lower iron content than plants from the 
fertilized treatments, with the exception of those of H. ser-
ratifolius. Plants subjected to high concentrations of trace 
metals in the soil developed strategies that result in the 
maintenance of ion homeostasis in cellular compartments 
and relief from phytotoxicity (Clemens 2001; Petrisor et al. 
2004; Tank and Saraf 2009). Association with symbiotic 
microorganisms is a way to guarantee greater plant toler-
ance in environments contaminated by trace metals (Wu 
et al. 2007; Gamalero et al. 2009; Berruti et al. 2016). Plants 
in symbiosis with microorganisms may show reduced iron 
absorption and less accumulation of this metal in leaf tissues 
compared to fertilized plants, as observed by Petrisor et al. 
(2004), and corroborated by the results of the present study. 
This lower accumulation of iron in the leaves of inoculated 
plants may be related to the ability of microorganisms to 

Fig. 4   Principal component 
analysis (PCA) for the relation-
ship between the nutrients 
concentration and physiological 
parameters evaluated in plants 
grown in iron ore tailing from 
the Fundão dam, Mariana, 
Minas Gerais (Brazil) and sub-
ject to treatments of inorganic 
fertilization (F), combined treat-
ments (FI), and inoculation (I)
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immobilize potentially toxic compounds in their cell wall, 
vacuole, or cytoplasm (Punamiya et al. 2010), before they 
are absorbed by the plant (Begum et al. 2019). PGPR has 
a recognized role in iron chelation, via the production and 
activity of siderophores (Crowley et al. 1991), which, by 
incorporating it into their cellular metabolism, make it less 
available in the rhizosphere and, consequently, for plant 
uptake (Tank and Saraf 2009). Despite this, further inves-
tigation is required to clarify the role of microorganisms in 
the resistance of plants grown on substrates rich in iron ore.

The lower chlorophyll content observed in A. colubrina 
and H. serratifolius of treatments F and I, respectively, may 
be a result of the lower nitrogen concentration and higher 
iron concentration in the leaves of these species. Lower chlo-
rophyll values in leaves of C. fissilis of the inoculation treat-
ment (I) may be associated with the effects of iron phytotox-
icity. Iron is required in chloroplasts as an essential mineral 
element for the synthesis of chlorophylls and as a cofactor 
involved in redox reactions in the electron transport chain 
(Hell and Stephan 2003; Broadley et al. 2012). However, 
when iron is in excess in the mesophyll, damage to pigments 
and other components of the photosynthetic chain can be 
triggered as a result of increased ROS and consequent oxida-
tive stress (Kobayashi and Nishizawa 2012). Decreased chlo-
rophyll concentration is one of the negative effects caused 
by ROS and has been regularly described for plants growing 
in substrate rich in iron ore residues (Pereira et al. 2013; 
Rios et al. 2021). Decreased chlorophyll content is reflected 
in photosystem II (PSII) performance (Baker 2008). Lower 
activity of PSII is observed in plants under stress, indicating 
less efficiency in the use of light energy for photosynthesis 
and disturbance or damage to the photosynthetic apparatus 
(Roosta et al. 2018). Studies show that herbaceous and tree 
plants growing in the fertilized tailings from the Fundão 
dam, despite having potentially toxic concentrations of iron 
in leaf tissue, did not change the Fv/Fm ratio (Esteves et al. 
2020; Cruz et al. 2020, 2021), as corroborated by the present 
results, except for C. fissilis.

The lowest values of A, gs, E, and WUEi found for H. 
impetiginosus and H. serratifolius in treatments that involved 
inoculation (FI and/or I) corroborate the findings of Pereira 
et al. (2013) for rice plants, in which reduced photosynthe-
sis was positively correlated with stomatal limitation devel-
oped in leaves with phytotoxic concentrations of iron. In 
this scenario, the reduction in gas exchange responses limits 
the transport of iron to the aerial part of the plant and thus 
minimizes oxidative damage due to high concentrations of it 
in leaf tissue (Kobayashi and Nishizawa 2012; Pereira et al. 
2013). No reduction in photosynthesis or stomatal limita-
tion was observed for the pioneer species studied here. The 
species B. orellana and P. dubium responded to the com-
bined (FI) and inoculation (I) treatments with greater water 
efficiency, although the WUEi parameter was not positively 

correlated with the highest Ci/Ca ratio or the highest gs. For 
both species, greater water efficiency seems to have been 
favored by the insertion of symbiotic microorganisms in the 
planting substrate. The use of symbiotic microorganisms in 
association with plant species is recognized as favoring plant 
tolerance of water stress, as they help plants actively explore 
greater volumes of soil through the extension of their myce-
lia and, thus, reach new sources of water in the substrate 
(Saggin Junior and Silva 2006; Li et al. 2019).

Plants of all the investigated species exhibited higher 
concentrations of MDA in the inoculation treatment com-
pared to the fertilization treatment. For most species, higher 
concentrations of H2O2 were observed in the inoculation 
treatment (I.) There was a reduction in photosynthetic activ-
ity and efficiency in the secondary species, however, the 
results of the present study suggest damage by oxidative 
stress only for C. fissilis. Maintaining phytotoxic concentra-
tions of trace metals in leaves favors an exacerbated produc-
tion of ROS, such as H2O2, and potentiates the occurrence of 
oxidative damage to cellular structures (Becana et al. 1998; 
Kobayashi and Nishizawa 2012; Gomes and Garcia 2013; 
Gomes et al. 2014a). ROS react with lipids, proteins, pig-
ments, and nucleic acids, causing peroxidation of cellular 
components and membranes (Hajiboland 2014). In chloro-
plasts, oxidative damage limits photosynthetic efficiency, 
carbon assimilation, and energy yield and can culminate in 
cell death (Takahashi and Murata 2008; Hajiboland 2014). 
On the other hand, non-toxic concentrations of H2O2 pro-
mote intracellular signaling (Henzler and Steudle 2000). 
Characteristics, such as moderate reactivity, long cellular 
half-life, and ability to freely diffuse across membranes and 
over long distances, involve H2O2 in the control of different 
physiological responses to biotic and abiotic factors (Foyer 
and Noctor 2005). Under stress conditions, stomatal closure, 
activation of heat shock proteins, and regulation of hormone 
cascades, such as those of abscisic acid and salicylic acid, 
are examples of H2O2-mediated responses that impact plant 
tolerance in adverse habitats (Tuteja 2007; Pandey et al. 
2021). Similarly, MDA, a molecule of low chemical reac-
tivity, also plays a signaling role in plants under stress, as it 
stimulates the expression of genes for enzymes and antioxi-
dant molecules (Morales and Munné-Bosch 2019), which 
modulate concentrations of ROS and reduce the chances of 
oxidative stress occurring (Gajić et al. 2020).

In general, the enzymes of the antioxidant system were 
effective in controlling H2O2 in leaves of the species inves-
tigated here. There was an increase in CAT concentration 
for plants of the inoculation treatment, regardless of the 
ecological group, compared to plants submitted to fertiliza-
tion. Pioneer species treated with fertilization showed higher 
GR activity, while secondary species, regardless of treat-
ment, exhibited higher SOD concentrations in leaf tissue. 
The proper balance between production and neutralization 
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of H2O2 is essential for the survival of plants in degraded 
ecosystems and involves the antioxidant defense system 
(Foyer and Noctor 2005). CAT, together with APX, con-
tributes to the reduction of oxidative damage by converting 
H2O2 into water and oxygen (Sharma and Ahmad 2014). The 
action of GR contributes, via maintenance of the reduced 
glutathione pool (GSH), to the regeneration of ascorbic acid 
— an indispensable substrate for the functioning of APX 
(Noctor and Foyer 1998). SOD acts by promoting the detoxi-
fication of O2

•− and, thus, modulates the levels of H2O2 to 
be neutralized in leaf tissue (Hajiboland 2014). Symbiotic 
microorganisms also contribute to plant resistance in hab-
itats contaminated with trace metals (Vilela et al. 2018). 
Studies have shown the effective action of beneficial micro-
organisms in promoting the antioxidant defense of their host 
plants. According to Wu et al. (2007), the accumulation of 
H2O2 in AMF structures, such as arbuscules, hyphae, cell 
walls, mycelia and spores, contributes to the maintenance 
of non-toxic levels of this ROS in plant tissues. Li et al. 
(2019) observed that the improvement in the detoxification 
capacity of inoculated plants, compared to non-inoculated 
plants, is due to the increase in the concentration of antioxi-
dant enzymes promoted by symbiotic microorganisms, as 
the present results suggest.

The results of the present study indicate that, in general, 
the nutritional quality of the studied plants was adequately 
supplied by the treatments. Thus, both inoculation and fer-
tilization treatments favored the performance of tree species 
growing in an area affected by iron ore tailings from the 
Fundão dam. Phytotoxic concentrations of Fe were observed 
in four of the six investigated species in the fertilization 
treatment. Only secondary species showed reduced photo-
synthetic capacity in the inoculation treatment, in relation to 
the fertilization treatment. Higher concentrations of MDA 
and H2O2 were associated with the inoculation treatment for 
species from both ecological groups. Although there was a 
limitation of photosynthetic activity in secondary species, 
the antioxidant system proved to be effective in preventing 
oxidative damage for the evaluated species, with the excep-
tion of C. fissilis. In conclusion, the use of inoculum can be 
considered an ecological alternative to inorganic additives 
in the area affected by tailings from the Fundão dam and, 
despite presenting different photosynthetic and antioxidant 
strategies, the evaluated species can be recommended for 
use in revegetation projects in areas contaminated with iron 
ore tailings. Further studies should follow the development 
of plants in this area to assess whether the high concentra-
tion of iron in plant tissues can induce morphophysiological 
changes and late phytotoxic responses and, thus, affect the 
resilience of native species in the field, as well as the suc-
cessional processes in the long term.
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