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RESUMO GERAL

MATOS, Leticia Paiva de, D.Sc., Universidade Federal de Vigosa, fevereiro de 2020.
Alteracoes morfofisiologicas em Cassia grandis L. (Fabaceae) cultivadas em rejeito
de mineracao de ferro. Orientador: Juraci Alves de Oliveira

A atividade minerdria gera impactos ambientais por diversos meios, como o actimulo de
metais pesados nos solos e na dgua. As técnicas de fitorremediacdo, sdo muito utilizadas
e podem ter seu potencial ampliado com a associacdo a micro-organismos. Este trabalho
avaliou o actimulo de metais pesados e os efeitos sobre parametros morfofisioldgicos de
plantulas de Cassia grandis, associadas a fungos micorrizicos arbusculares (FMA),
cultivadas em rejeito de mineracdo. Sementes de C. grandis foram germinadas em areia
lavada e transplantadas para tubetes com substrato comercial, com ou sem FMA.
Posteriormente, foram transferidas para vasos com rejeito de mineracdo e mantidas em
casa de vegetacdo, por 4 meses, divididas em cinco grupos: substrato comercial sem
in6culo (To), rejeito sem indculo (T1), rejeito e inéculo obtido de solo de floresta nativa
(T»), rejeito e indculo obtido de 4rea contaminada com rejeito (T3), rejeito e indculo
obtido de drea contaminada com rejeito com cultura de laboratorio (T4). Foram analisados
os teores de metais e arsé€nio, atividade enzimadtica antioxidante, trocas gasosas, teores de
pigmentos cloroplastidicos, de peréxido de hidrogénio, de malonaldeido e morfologia de
folhas. Os elementos arsénio, cadmio € chumbo nao foram detectados nos tecidos das
plantas. Por outro lado, houve aumentos nas concentragdes de ferro (Fe) e cobre (Cu) em
folhas das plantas cultivadas com rejeitos de mineracdo em relacdo ao controle. O cultivo
das plantas em substratos com rejeito de mineracao resultou em aumento na atividade das
enzimas antioxidantes e nos teores de antocianinas, € diminui¢c@o nos teores de clorofilas
a, b e carotenoides. O aumento da atividade enzimadtica pode estar relacionado ao aumento
da concentracdo de alguns metais pesados. Os pardmetros de trocas gasosas foram
reduzidos e este fato estd diretamente relacionado a alta compacta¢do do rejeito, que
impde uma limitacdo hidrica as plantas. Nossos resultados indicam que o cultivo de C.
grandis em rejeitos de mineracdo impde danos fisiolégicos e, a inoculagdo de FMA’s,
nao resultou em ganhos positivos para a maioria dos paradmetros analisados. A limitacdo
fisica ao desenvolvimento radicular foi o principal problema nos tratamentos contendo
rejeitos. Entretanto, com o manejo adequado do solo, esta espécie pode ser utilizada para

revegetacdo de locais contaminados por rejeito de mineracao de ferro.

Palavras-chave: Fitorremediacdo. Metais Pesados. Fisiologia Vegetal. Revegetacao.



GENERAL ABSTRACT

MATOS, Leticia Paiva de, D.Sc., Universidade Federal de Vicosa, February, 2020.
Morphophysiolofical’s changes in Cassia grandis L. (Fabaceae) cultivated in mining
tailings. Advisor: Juraci Alves de Oliveira

The mining activity generates environmental impacts by several means, such as the
accumulation of heavy metals in soils and water. Phytoremediation techniques are widely
used and may have their potential expanded with microorganism’s association. The
purpose of this work was to evaluate the accumulation of heavy metals and the effects on
morphophysiological parameters of Cassia grandis seedlings associated with arbuscular
mycorrhizal fungi (AMF) grown in mining tailings. C. grandis seeds were germinated in
washed sand and transplanted to tubes with commercial substrate with or without AMF.
Subsequently, they were transferred to pots with mining tailings and kept at a greenhouse
for 4 months, divided into five groups: commercial substrate without inoculum (To),
tailings without inoculum (T;), tailings and inoculum obtained from native forest soil
(T2), tailings and inoculum obtained from areas contaminated with tailings (T3), tailings
and inoculum obtained from areas contaminated with tailings, with laboratory culture
(T4). Metals and Arsenic contents, antioxidant enzyme activity, gas exchange, chloroplast
pigment, hydrogen peroxide, malonaldehyde and leaf morphology contents were
analyzed. Arsenic, cadmium and lead elements were not detected in the tissues of the
plants. On the other hand, there were increases in iron concentrations (Fe) and copper
(Cu) in leaves of the plants cultivated with mining tailings compared to the control. The
cultivation of plants on substrates with mining tailings resulted in an increasement in the
activity of antioxidant enzymes also in anthocyanins levels, and the chlorophylls a, b and
carotenoids levels decreased. The enzyme activity increasement may be related to the
increase in the concentration of some heavy metals. The gas exchange parameters were
reduced which is directly related to the high compaction of the tailings, that imposes a
water limitation on the plants. Our results indicate that the cultivation of C. grandis in
mining tailings imposed physiological damage and the inoculation of AMF’s did not
result in positive gains for major analyzed parameters. Physical limitation to root
development was the main problem in treatments containing tailings. However, with a
proper soil management these species can be used to revegetate sites contaminated by

iron mining tailings.

Keywords: Phytoremediation. Heavy Metals. Plant Physiology. Revegetation.
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INTRODUCAO GERAL

A atividade minerdria gera, como subprodutos, residuos que contém
concentracdes elevadas de varios metais pesados. No Brasil, por ser um polo produtor de
minério de ferro gera, em consequéncia, enorme quantidade de rejeitos de mineracao, os
quais sdo, em sua maioria, dispostos em barragens de contencdo. Embora sejam
considerados eventos raros, nos ultimos quatro anos o Brasil presenciou o rompimento de
duas grandes barragens de rejeitos, sendo uma em 2015, na regido de Mariana, e outra em
2019, em Brumadinho, Minas Gerais. Estes rejeitos causaram, e continuam causando,
danos severos nas esferas aquatica e terrestre, afetando todo o equilibrio dos ecossistemas
(Figueiredo et al. 2019; Thompson et al. 2020).

Os rejeitos oriundos da mineragdo, em sua maioria, possuem elevado teor de
metais solubilizados, poucos nutrientes e, consequentemente, baixa atividade microbiana.
Devido a este fato, torna-se mais dificil estabelecer uma cobertura vegetal nos solos onde
este rejeito € acumulado (Chu et al. 2018).

Para a recuperacao das areas afetadas sdo necessarias agdes em diferentes niveis
de atuagdo para que a regeneracdo do ambiente ocorra de forma eficiente. Uma das
possibilidades de mitigacdo e de recuperagdo dessas dreas € por meio do processo de
fitorremediacao. Para este processo, é necessdria a escolha de espécies vegetais capazes
de se adaptar e crescer neste tipo de ambiente. Neste contexto, a Cassia grandis surge
como uma alternativa, visto que seu desenvolvimento em rejeito ja foi estudado e obteve
bons resultados (Guimaraes et al. 2017).

As espécies leguminosas sdo reconhecidas pelo seu bom desenvolvimento e
rendimento, bem como por sua capacidade de fazer associacdo com micro-organismos
em suas raizes. Interacbes com micro-organismos, como fungos micorrizicos, protegem
a planta dos contaminantes e promovem seu crescimento, aumentando a absor¢cdo de
nutrientes pelas raizes e fixando o nitrogénio do ar (Scoriza e Correia, 2019).

Os fungos micorrizicos arbusculares (FMA) agem como uma expansao radicular
e permitem uma maior eficiéncia na absorc¢ao de dgua e nutrientes (Girardin et al. 2019).
Além disso, aumentam a tolerancia das plantas pela imobilizacdo de metais pesados nas
raizes, sendo assim considerados excelentes biossorventes (Srivastava et al. 2015).

Plantas cultivadas em locais contaminados tem seu metabolismo afetado de modo
geral, com o aumento na concentracdo de espécies reativas de oxigénio e, em
consequéncia, aumento na atividade enzimadtica antioxidativa, na peroxidacao lipidica e

dos danos ao aparato fotossintético (Chu et al. 2018; Sinha et al. 2018).
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Os objetivos propostos para esta pesquisa foram estudar o desenvolvimento de
Cassia grandis cultivadas em rejeitos de mineracdo; analisar os pardmetros
morfofisiolgicos afetados e avaliar os beneficios advindos da associag¢do das raizes com
FMA'’s, isolados das dreas contaminadas com os rejeitos.

Esta pesquisa fez parte do projeto aprovado pela Fapemig (2016): Tolerancia a
metais pesados e efeitos ontogénicos em plantas: potencial para biorrecuperacdo de areas
afetadas por rejeitos de minera¢do Fapemig (APQ-01797-16), da Universidade Federal
de Vicosa.
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ABSTRACT

Revegetation is an alternative of recovery for contaminated areas by mining tailings. The
objective of this study was to evaluate the physiological responses of Cassia grandis
growing in iron mining tailings and the implications for revegetation purposes. Plants of
C. grandis were grown for 4 months in substrate collected in affected areas by residues
from Funddo dam and commercial substrate was used as control. Metal(oids) contents,
antioxidant enzymatic activity, gas exchanges and chloroplast pigments contents were
analyzed. Arsenic, cadmium and lead were not detected in plant tissues. On the other
hand, there were increases in the contents of some elements, such as iron (Fe) and
chromium (Cr), with marked reduction in the Pi levels, in plants cultivated with mining
tailings compared to the control. The exposure to mining tailings increased the
antioxidant enzymes activity and anthocyanins contents, whereas decreased chlorophyll
a, b and carotenoid contents. The increase of enzymatic activity may be related to the
increased concentration of toxic elements such as Cr. The photosynthetic rate (A),
stomatal conductance (gs), transpiration (E) and water use efficiency (WUE) have been
reduced which is probably associated with the limitations of water availability caused by
the high compaction of mining tailings. These physical limitations also may have caused
deformations observed in the primary taproots of tailings-grown plants. Our results
indicate that the cultivation of C. grandis in mining tailings imposes some physiological
damage. Nevertheless, this plant species has the potential to establish and develop at
locations affected by iron ore tailings with properly management.

Keywords: Ecotoxicology, Photosynthesis, Plant Physiology, Revegetation.
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INTRODUCTION

Mining activities such as iron ore mining promotes the release of several toxic
elements that can accumulate in ecosystems. Among these elements heavy metals have a
great potential for contamination whereas it does not degrade and can be accumulated
into environments, reaching the food chains and endangering the human health (Singh et
al. 2016). Mining processes generate tailings as a result of the extraction and processing
of minerals, which present small amounts of several elements including heavy metals
(Adiansyah et al. 2015). Residues can accumulate in large amounts and when it is not
disposed properly or due to accidents such as breaking dams, have the potential to pollute
different ecosystems (Hatje et al. 2017, Queiroz et al. 2018).

The collapse of the Funddao dam located in Minas Gerais, Brazil, on November 5,
2015 released millions of m? of iron mining tailings in the Rio Doce Basin leading to a
huge environmental impact (Omachi et al. 2008). One year ago, another mining tailings
dam broke up in Brumadinho, Minas Gerais, Brazil on January 25, 2019. This type of
residue has a high pollution potential and can contribute to the release of several elements
such as cadmium (Cd), lead (Pb), arsenic (As), iron (Fe), zinc (Zn), chrome (Cr), copper
(Cu) and manganese (Mn) which can change the physical-chemical characteristics of the
soil (Sun et al. 2018).

The remediation of an ecosystem contamination can occur by physical, chemical
or biological processes either alone or combined. However, physical and chemical
processes can drastically affect soil characteristics by negatively influencing the biota
biodiversity of that environment (Chapman et al. 2019).

The recovery of affected sites by mining tailings involves many techniques in
which phytoremediation/revegetation has emerged as an alternative for the stabilization
and regeneration of these environments (Guo et al. 2014, Hosseini 2018). However, the
majority of studies focus on a specific pollutant which limits its application to sites with
several toxic agents as occurs in areas affected by mining tailings (Sarma 2011).

The exposal of plants to toxic concentrations of heavy metals leads to uncountable
damages that are both structural and physiological changes negatively influencing the
plants survival and the remediation processes of contaminated ecosystems. However,
some species have strategies to reduce these negative impacts such as processes to
immobilize the toxic element or by activating antioxidative defenses (Abercrombie et al.

2008). The analyses of these mechanisms are important to understand how plants
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response to heavy metals stress, enabling greater efficiency in phytoremediation (Reis et
al. 2019).

Tree species are known to have a high growth capacity in poor nutrient soils, high
biomass accumulation, deep root systems, accumulation of contaminants and other
characteristics that make it an important resource to remediation processes. However,
there are few researches using native tree species from tropical and subtropical regions
(Asensio et al. 2018). The leguminous C. grandis is suitable for the revegetation of mining
areas due to its high nitrogen fixation capacity and growth in soils with low fertility
(Guimaraes et al. 2017). However, the cultivation in tecnosols change the photosynthetic,
physiological, and biochemical parameters in plants (Chu et al. 2018).

Therefore, this research aim was to evaluate the physiological changes in C.
grandis grown on mining tailings from Funddo dam and its revegetation possibilities in

impacted sites.
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MATERIALS AND METHODS
Plant material

The experiment was conducted at the Universidade Federal de Vigosa, Vigosa-
MG, Brazil (20 °45'14 "S, 42 © 52'55" W, height 650 m), from January to June 2018. The
climate is classified according to Koppen and the Cwa type, as humid subtropical with
the average annual temperature of 21.8 °C and 1,361 mm of annual precipitation average
(Alvares et al. 2013). The plants were germinated and cultivated at a greenhouse with the
ceiling and walls covered with low density polyethylene film. Seeds of Cassia grandis
were immersed in H>SO4 concentrate, standing fully immersed for 15 min, washed with
deionized water, germinated in sand and transplanted to tubes containing commercial
substrate. After thirty days cultivation, five seedlings (with approximately 20 cm in length
of shoot length) were transplanted to bags containing either 1000 cm3 of commercial
substrate (control) or mining residue collected in Paracatu de Baixo nearby Gualaxo do
Norte river, belonging to the Doce River basin which is an impacted area by iron mining
tailing from the Funddo dam, Minas Gerais, Brazil, (20°18'16.1"S 43°13'50.1"W). These
samples were kept for 4 months under greenhouse conditions (the seeds bags were
irrigated daily until field capacity).
Metals determination

Plants were washed with deionized water and the roots were treated with DBC
(Taylor and Crowder 1983) to remove the adsorbed iron oxides, then dried to a constant
dry mass. About 100 mg of the dry mass were mineralized in 1.5 mL of nitric-perchloric
acid mixture (2:1) until the complete organic matter and extract withdrawal used in the
determination of Cr, Cu, Mn, Zn, Ca, K, Fe and Mg concentration by atomic absorption
spectrophotometry (Shimadzu AA-6701F). For arsenic (As) determination a hydride
vapor generator (HVG-1 Shimadzu) was used. Inorganic phosphorus was quantified by
the colorimetric method.
Gas exchange determination

Photosynthetic rate (A), stomatal conductance (gs) and transpiration (E) were
measured with an infrared gas analyzer system (IRGA, LCpro-SD-ADC BioScientific
Ltd.) on fully expanded leaves, using light intensity of 600 pmol m™? s!. The CO;
concentration inside the leaf chamber, air humidity and temperature fluctuated according
to ambient conditions. Data were collected from 7:00 to 10:00 at three-minute intervals.
The measurement area of leaf chamber was calculated using ImageJ, resulting in 5.35

cm?.
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Pigment contents

The chlorophyll a, b and carotenoid contents were determined by
dimethylsufoxide (DMSO) method. The absorbance was determined by
spectrophotometer (UV-Visible Quimis 0790U2M) and the values used to calculate the
chlorophyll a, b and carotenoids levels (Wellburn 1994). Samples of 0.1 g fresh leaves
were homogenized in 5 mL methanol-HCI 1 % (v/v) in ice bath and centrifuged at 10,000
g for 30 min at 4 °C. The total anthocyanin content was determined by the difference
between the absorbance at 536 and 600 nm (Hodges et al. 1999) and the results expressed
as mg g'' FW, as cyanidin-3-glucoside equivalents, by the coefficient molar extinction
(26900 L cm™ mol™).
Extraction antioxidant enzymes

The superoxide dismutase (SOD), catalase (CAT), peroxidase (POX) and
glutathione reductase (GR) were extracted from 0.3 g of fresh roots and leaves. The
samples were macerated in liquid nitrogen, followed by addition of 2 mL extraction
medium, filtration and centrifugation at 12,000 g for 15 min, at 4 °C. The supernatant
was used as crude extract in the determination of the enzymatic activities. All extraction
steps were performed at 4 °C. The extraction media were: a) 0.1 M potassium phosphate
buffer pH 6.8, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM
phenylmethylsulfonic fluoride (PMSF) and 1 % (w/v) polyvinylpyrrolidone (PVPP), for
SOD, CAT and POX; b) 2 mL of 0.1 M potassium phosphate buffer, pH 7.0, 1 mM EDTA
(ethylene diamine tetraacetic acid) 0.02 % triton, 2 mM DTT (dithiothreitol), 1 mM
PMSF and PVPP (polyvinyl pyrrolidone) 1 %, for GR (Carlberg Mannervik 1985). The
protein contents of the enzyme extracts were determined with BSA as the standard to
express enzyme activity (Waterborg and Matthews 1984).
Superoxide dismutase activity

The SOD activity was determined with the addition of 50 pL of the crude enzyme
extract to 5 mL of reaction medium containing 50 mM sodium phosphate buffer pH 7.8
containing 13 mM methionine, p-nitro tetrazolium blue (NBT) 75 uM, 0.1 mM EDTA
and 2 pM riboflavin. The reaction was conducted at 25 °C in a reaction chamber under
15 W fluorescent lamp illumination, kept inside a box. After 5 min exposure illumination
was discontinued and the blue formazan, produced by NBT photoreduction, was
measured by the absorbance at 560 nm (Giannopolitis and Ries 1977). A unit of SOD was
defined as the amount of enzyme required to inhibit the NBT photoreduction by 50 %
(Beauchamp and Fridovich 1971).
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Peroxidase activity

The POX activity was determined with the addition of 0.1 mL of the crude enzyme
extract to 4.9 mL of reaction medium containing 25 mM potassium phosphate buffer, pH
6.8, pyrogallol 20 mM and 20 mM H>O> (Kar and Mishra 1976). Purpurogalin production
was determined by increasing the absorbance during the first minute of reaction at 420
nm at 25 ° C. The enzymatic activity was calculated using the molar extinction coefficient
247 mM L' cm™ (Chance and Maehley 1955) and expressed in umoles of H2O2 min™!
mg! protein.
Catalase activity

The CAT activity was determined with the addition of 0.1 mL of the crude enzyme
extract to 2.9 mL of reaction medium containing 50 mM potassium phosphate buffer pH
7.0 and 12.5 mM H>0O, (Havir and Mchale 1987). The decrease in absorbance at 240 nm
and 25 °C was measured in the first reaction minute. The enzymatic activity was
calculated using the molar extinction coefficient 36 M™! cm™! (Anderson et al. 1995) and
expressed in umol H2O2 min™! mg™! protein.
Glutathione reductase activity

The GR activity was determined with the addition of 0.1 mL of the crude enzyme
extract to 0.9 mL of reaction medium containing Tris-HC1 0,1 M, pH 7,5, GSSG 20 mM
and NADPH 2 mM (Carlberg and Mannervik 1985). The decrease in absorbance at 340
nm and 30 °C was measured in the first reaction minute. The enzymatic activity was
calculated using the molar extinction coefficient 6.22 mM™ cm™! and expressed in nmol
of oxidized glutathione min™' mg™! protein.
Experimental design and statistical analysis

The experiments followed a completely randomized factorial design with 2
treatments and five replicates and the data were analyzed by software SAS 9.1 (SAS
Institute Inc. 2004 NC, USA).
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RESULTS AND DISCUSSION

In soils contaminated by mining tailings, the presence of extremely toxic
metal(oids) such as Pb, Cd and As, is relatively common (Pistelli et al. 2017).
Nevertheless, these elements were not detected in the tissues of plants grown in mining
tailings collected in the region of Paracatu, indicating that these tailings do not have a
relevant level of contamination of these metals(oids) (Table 1).

However, leaves presented increments by 932, 125, 63 and 220 % for Cr, Mn, Fe
and Mg contents, respectively, and decrease by 54, 68, 45 and 74 % for Cu, Zn, K and Pi
contents, respectively. In roots of tailing-grown plants, there was greater contents of Cr
and Fe compared to the control, whereas the other elements, such as Mn, Zn, K, Pi and
Mg, showed lower contents (Table 1).

The accumulation of Cr, Fe and Mn in leaves and Cr and Fe in roots may have
contributed to the production of reactive oxygen species (ROS), triggering
macromolecules damage and disruption of main metabolic pathways (Ferndndez et al.
2018). To protect cells against homeostatic disorders and damage from excessive ROS,
induction of antioxidant enzyme activity acts as a general response to the toxic effects
caused by heavy metals. This response to excess metals, may vary between plant species
and different tissues (Sytar et al. 2013). The observed increase in the activity of
antioxidant enzymes, SOD, CAT, POX and GR, in C. grandis may, therefore, occurred
as a response to the stress caused by the mining tailings, especially by the increase in the
concentration of some metals such as Cr (Figure 1).

The decrease of the Mn in roots and the accumulation in the shoots are related to
its high mobility in the xylem, and consequent translocation to the leaves (Ducic and Polle
2005). In addition, the low levels of K, Zn and Pi observed, may have affected enzyme
activities, energy status, osmotic balance and redox homeostasis (Blasco-Leon et al.
2018). Together, the toxic effects of some metals accumulation and nutritional starvation
may lead to the disruption of normal cellular and ultimately the whole plant functions.

The contents of chlorophyll a, b and carotenoids were, respectively, 49, 49 and 17
%, lower and those of anthocyanins were 21 times higher in leaves plants grown on
mining tailings (Figure 2).

The reduction in chlorophyll content may be due to inhibition of biosynthesis or
accelerated degradation of this pigment (Kalaji et al. 2016). Decreasing chlorophyll

content leads to decreased photosynthesis and therefore to plant growth.
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The increase in anthocyanin contents may have been promoted by the reduction
of Pi levels, as already observed in Azolla caroliniana (Adalberto et al. 2004) and
Alternanthera brasiliana (Henry et al. 2019). This effect occurs due to damage to the
metabolism, promoted by Pi deficiency, which lead to gene expression related to
anthocyanin synthesis, as part of the plants defense system against stress (Vasconcelos et
al. 2018). The higher contents of anthocyanin are related to the ROS defense system, once
these flavonoids also act as antioxidants. Thus, anthocyanin is effective in the H20O:
degradation which has a longer half-life and can diffuse into cellular tissues (Davies et al.
2018).

Photosynthesis (A), stomatal conductance (gs), transpiration (E) and water use
efficiency (WUE) were, respectively, 5.0; 5.6; 2.2 and 1.9 times lower in tailing-grown
plants compared to control (Figure 2). The negative impacts on A, E, g;, WUE and
chloroplastidic pigments values demonstrates the high stress level imposed to the plants.
The high particle density of the substrate from the affected areas, which exceeds the limit
of 1.65 g cm™ (personal information), and the consequent soil compaction reduces the
water and nutrients availability leading to stomatal closure and lower CO; fixation. The
decrease of photosynthesis rates causes lower photoassimilates production and
consequently plant growth (Lahive et al. 2018).

Iron mining tailings typically consist of the finely crushed ore (Aubertin et al.
2002), with great compaction power and low hydraulic conductivity, directly influencing
root development and promoting water deficit in plants (Guittonny-Larchevéque et al.
2016). This effect was observed in the experiment, with deformed primary taproots in
plants grown directly in the tailings (Figure 3).

Root malformation, associated with low hydraulic conductivity of mining tailings,
explain the deleterious effect, due to water deficit and stomatal closure, on gas exchange
and photosynthetic metabolism, compromising plant development and its potential as a
soil phytoremediator with these characteristics.

However, with the introduction of this species for phytoremediation of soils
contaminated by iron mining tailings accompanied by previous management, soil
decompression and nutritional supplementation, C. grandis may have good soil
stabilization and recovery results. especially because of its capacity as a legume to make

mycorrhizal associations with microorganisms capable of enriching the soil.
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CONCLUSIONS

The C. grandis plants growing in mining tailings from Funddo Dam present no
concentrations of Pb, Cd and As in tissues, indicating low chemical restriction for
establishment of plants in affected areas. However, the morphophysiological aspects of
plants are negatively influenced by mining tailings from Fundido Dam, especially due to
soil physical characteristics that compromised root development and water availability,
as well as low phosphorus availability. Thus, the use of this plant in soil recovery
processes impacted by mining tailings must be accompanied by proper management, such

as supplemental fertilization and reduced compaction in the root growth region.

Table 1: Contents of Cr, Cu, Mn, Zn, Pb, Cd, As, Ca, K, Fe, Mg and Pi, in leaves and

roots of C. grandis, To (control) and T (treatment with tailings).

Element Leaves Roots

(ug g1 DW) To T: To T:

Cr 1.78 b 2405 a 1195 b 2933 a
Cu 44.03 a 2146 b 9775 a 69.37 a
Mn 76.74 b 15737 a 38.16 a 26.36 b
Zn 34.18 a 2852 b 10.80 b 12.67 a
Pb nd nd nd nd
Cd nd nd nd nd
As nd nd nd nd
(mg g'' DW)

Ca 1098 a 1221 a 9.02 a 593 a
K 21.08 a 13.08 b 19.51 a 1.76 b
Fe 1.08 b 1.62 a 1.48 b 539 a
Pi 2.19 a 0.56 b 298 a 0.15 b
Mg 410 b 2153 a 1323 a 1.77 b

*Means followed by the same letter were not significantly different at 5% probability.

Nd-means no detected
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Figure 1: Antioxidant enzyme activity, SOD (A and B), CAT (C and D), POX (E and F)
and GR (G and H) in leaves and roots of C. grandis in C. grandis grown in commercial
substrate (To) and mining tailings (T1). Means * standard error followed by the same letter

in each tissue of the plant were not significantly different at 5 % probability by T test.
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Figure 2: Rates of photosynthesis (A), stomatal conductance (B), transpiration (C) rates,
water use efficiency (D) and contents of chlorophyll a (E), b (F), carotenoid (G) and
anthocyanin (H) in C. grandis grown in commercial substrate (To) and mining tailings
(T1). Means =+ standard error followed by the same letter were not significantly different

at 5 % probability by T test.
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Figure 3: Morphological aspects of the roots of C. grandis subjected to commercial

substrate (A) and mining tailings (B).
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ABSTRACT

Arbuscular mycorrhizal fungi (AMF) can influence the survival and metabolism of plants
grown in mining tailings. The objective was to evaluate the effects of AMF inoculation
on the concentration of metals and physiological aspects of Cassia grandis seedlings
growing in mining tailings. The C. grandis plants were grown in mining residue, with
four treatments: T (without inoculum), T> (with native forest inoculum), T3 (with mining
waste inoculum) and T4 (with mining tailing inoculum and laboratory mix inoculum), for
4 months under greenhouse conditions. The anthocyanin and Cu contents was increased
in the inoculated plants. On the other hand, there was a decrease in Cr concentration in
leaves of the inoculated plants. The decrease in malondialdehyde levels observed in
inoculated plants indicates lower membrane damage, when compared to non-inoculated.
The hypertrophied cells found in all treatments are related to adaptation to stress, and the
higher concentration of carbohydrates may be related to the inoculation of
microorganisms. This accumulation can also be related to osmotic protection in response
to water limitation, which was probably imposed by high density of particles from the
mining tailing, which exceeds the limit of 3 g cm™. Based on the results, the inoculation
reduces the damage to the membrane, and even a low rate of photosynthesis, it continues
to produce photoassimilates and causes morphological adapatations, as cell
differentiation. But, is not possible to say that the inoculation process is effective in
minimizing all the damages arising from the cultivation on mining tailings.

Keywords: Bioremediation, Heavy Metals, Plant Physiology, Oxidative Stress.
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INTRODUCTION

Mining activity contributes to the release of various elements, such as arsenic
(As), iron (Fe), manganese (Mn) and chromium (Cr) that may alter the physical and
chemical soil characteristics (Guerra et al. 2017; Aires et al. 2018). In addition, mining
tailings have few nutrients and low microbial activity, making it difficult to establish
vegetation cover in contaminated soils (Grandlic et al. 2008).

The mining activity generates, as by-products, waste that contains high
concentrations of various heavy metals. In Brazil, as a major producer of iron ore, it
consequently generates an enormous amount of mining tailings, which are mostly
disposed in containment dams. Although they are considered rare events, the rupture of
these is considered a rare event, however, in the last four years, Brazil has witnessed the
rupture of two large tailings dams, in the Mariana region (2015) and another in 2019, in
Brumadinho, Minas Gerais. These tailings causedsevere damage to the aquatic and
terrestrial environments, affecting the entire balance of ecosystems. (Figueiredo et al.
2019; Thompson et al. 2020).

Among the recovery strategies of contaminated soils, phytoremediation has been
highlighted as an alternative for stabilization and regeneration of these environments
(Guo et al. 2014). However, it is not a simple process, since chemical, physical and
biological characteristics may be limiting factors for the growth of the chosen species
(Guimardes et al. 2017). The chemical factors, how the high concentration of metals
available in the environment maybe are responsible for physiological and metabolic
changes in plants, such as oxidative stress, decreased growth, photosynthetic rates and
increase activity of antioxidant enzymes (Ayangbenro and Babalola 2017).

The tree species of Cassia grandis L., belonging to the Fabaceae family and
subfamily Caesalpinioideae, appears as an alternative, since its tailings development has
already been studied and obtained good results (Guimaraes et al. 2017, Matos et al. 2020).
Because it is a leguminous, it has the ability to associate with microorganisms in its roots
and these interactions with them, such as mycorrhizal fungi, protect the plant from
contaminants and promote its growth by increasing the absorption of nutrients by the
roots and fixing nitrogen air in degraded soils (Scoriza and Correia 2019).

Mycorrhizal associations between plant roots and arbuscular mycorrhizal fungi
(AMF) enhance soil exploitation through the hyphal network formed by the AMF that
colonizes the roots, functioning as an extension of the root system, increasing water and

nutrient uptake (Soares and Siqueira 2008; Douds Jr et al. 2010), showed positive impact
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on gas exchange rates, in addition to tolerating biotic and abiotic stresses more efficiently
(Asmelash et al. 2016; Chandrasekaran et al. 2019). The benefits of this association relate
to the important role in ecosystem functioning and the importance of maintaining
biodiversity (Van der Heijden and Hartmann 2016). The beneficial of AMF inoculation
has already been observed in different plant species, even substrates containing tailings
and trace elements (Leal et al. 2016, Stoffel et al. 2016, Wu et al. 2020).

The resistance of microorganisms to heavy metals, such as cadmium (Cd) and lead
(Pb), and their effects on bioremediation potential has been the subject of studies (Hao et
al. 2014). Inoculum can generally be isolated in nodules of some leguminous in
contaminated sites (Teng et al. 2015), increasing the uptake of metals present in the
medium (Hao et al. 2014). Plants inoculated with microorganisms previously isolated
from contaminated soils resulted in increased plant growth and metal accumulation
(Lampis 2015).

Thus, the objective of this study was to evaluate the effect of inoculation on
physiology, anatomic characteristics and possibility to use C. grandis seedlings

associated with AMF in mining tailings for revegetation.

MATERIALS AND METHODS
Plant material

The experiment was conducted in greenhouse conditions at the Universidade
Federal de Vicosa, Vicosa-MG, Brazil (20 ° 45'14 "S, 42 ° 52'55" W, 650 m), from
January to June 2018. The climate is classified as Cwa type, classified according to
Koppen, humid subtropical, with average annual temperature of 21.8 °C and 1,361 mm
of average annual precipitation (Alvares et al. 2013). Seeds of Cassia grandis were
immersed in H2SO4 (98 %), for 15 min, washed with deionized water, germinated in sand,
transplanted to tubes containing commercial substrate with 5 % vermiculite and 5 %
sugarcane bagasse and addition of arbuscular mycorrhizal fungi (AMF), 10 % w/v from
different inoculum (Table 1). After thirty days of cultivation, five seedlings (with
approximately 20 cm of shoot length). Seedlings, with 20 cm of length, were transplanted
to bags containing 1 kg of mining residue, collected in Paracatu de Baixo, Minas Gerais,
Brazil, (20 ° 18'16.1 "'S, 42 ° 52'55" W), pH 6,9 and 13,40 e 5,02 ug g"! Mn and Fe !in
exchangeable fraction and kept for 4 months under greenhouse conditions. The
experimental design was completely randomized with four treatments and five

replications, each experimental unit with one plant per bag.
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Metals determination

Plants were washed with deionized water and roots were treated with DBC (Taylor
and Crowder 1983) to remove iron oxides adsorbed and dried to constant dry mass. About
100 mg of the dry mass were mineralized in 1.5 mL of nitric-perchloric acid mixture (2:1)
and extract used in the determination of Fe, Mn, Zn, Cu, Cr, Cd, Pb, Ca, K and Mg
concentration by atomic absorption spectrophotometry (Shimadzu AA-6701F). For
arsenic (As) determination a hydride vapor generator was used. The inorganic phosphate
content in the supernatant was determined using the phospho-molybdate method
(Lindeman 1958).
Photosynthesis determination

Photosynthetic rate (A), stomatal conductance (gs) and transpiration (E) were
measured with an infrared gas analyzer system (IRGA, LCpro-SD-ADC BioScientific
Ltd.) on fully expanded leaves from the third node, using light intensity of 600 pmol m
s’'. The CO, concentration inside the leaf chamber, air humidity and temperature
fluctuated according to ambient conditions. Data were collected from 7:00 to 10:00 at
three-minute intervals. The measurement area of leaf chamber was calculated using
Imagel, resulting in 5.35 cm?.
Pigment contents

The chlorophyll a, b and carotenoid contents were determined by
dimethylsufoxide (DMSO) method. The absorbance was determined by
spectrophotometer (UV-Visible Quimis 0790U2M) and the values used to calculate the
chlorophyll a, b and carotenoids levels (Wellburn 1994). Samples of 0.1 g fresh leaves
were homogenized in 5 mL methanol-HCl1 1 % (v/v) in ice bath and centrifuged at 10,000
g for 30 min at 4 °C. The total anthocyanin content was determined by the difference
between the absorbance at 536 and 600 nm (Hodges et al. 1999) and the results expressed
as mg g”! FW, as cyanidin-3-glucoside equivalents, by the coefficient molar extinction
(26900 L cm™ mol™).
Determination of antioxidant enzymes activity

The superoxide dismutase (SOD), catalase (CAT), peroxidase (POX) and
glutathione reductase (GR) were extracted from 0.3 g of fresh roots and leaves. The
samples were macerated in liquid nitrogen, followed by addition of 2 mL extraction
medium, filtration and centrifugation at 12,000 g, 15 min, at 4 °C. The supernatant was
used as crude extract in the determination of the enzymatic activities. All extraction steps

were performed at 4 °C. The extraction media were: a) 0.1 M potassium phosphate buffer
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pH 6.8, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonic
fluoride (PMSF) and 1 % (w/v) polyvinylpyrrolidone (PVPP), for SOD, CAT and POX;
2 mL of 0.1 M potassium phosphate buffer, pH 7.0, 1 mM EDTA (ethylene diamine
tetraacetic acid) 0.02 % triton, 2 mM DTT (dithiothreitol), 1 mM PMSF and PVPP
(polyvinyl pyrrolidone) 1 %, for GR (Carlberg and Mannervik 1985). The protein
contents of the enzyme extracts were determined with BSA as the standard to express
enzyme activity (Waterborg and Matthews 1984).
Superoxide dismutase activity

The SOD activity was determined with the addition of 50 pL of the crude enzyme
extract to 5 mL of reaction medium containing 50 mM sodium phosphate buffer pH 7.8
containing 13 mM methionine, p-nitro tetrazolium blue (NBT) 75 uM, 0.1 mM EDTA
and 2 uM riboflavin. The reaction was conducted at 25 °C in a reaction chamber under
15 W fluorescent lamp illumination, kept inside a box. After 5 min exposure illumination
was discontinued and the blue formazan, produced by NBT photoreduction, was
measured by the absorbance at 560 nm (Giannopolitis and Ries 1977). A unit of SOD was
defined as the amount of enzyme required to inhibit the NBT photoreduction by 50 %
(Beauchamp and Fridovich 1971).
Peroxidase activity

The POX activity was determined with the addition of 0.1 mL of the crude enzyme
extract to 4.9 mL of reaction medium containing 25 mM potassium phosphate buffer, pH
6.8, pyrogallol 20 mM and 20 mM H:0: (Kar and Mishra 1976). Purpurogalin production
was determined by increasing the absorbance during the first minute of reaction at 420
nm at 25 °C. The enzymatic activity was calculated using the molar extinction coefficient
2.47mM L' cm™! (Chance and Mchale 1955) and expressed in pmoles of H>O> min™! mg-
! protein.
Catalase activity

The CAT activity was determined with the addition of 0.1 mL of the crude enzyme
extract to 2.9 mL of reaction medium containing 50 mM potassium phosphate buffer pH
7.0 and 12.5 mM H>O» (Havir and Mchale 1987). The decrease in absorbance at 240 nm
and 25 °C was measured in the first reaction minute. The enzymatic activity was
calculated using the molar extinction coefficient 36 M™! cm™! (Anderson et al. 1995) and

expressed in pumol H20» min™! mg™! protein.
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Glutathione reductase activity

The GR activity was determined with the addition of 0.1 mL of the crude enzyme
extract to 0.9 mL of reaction medium containing Tris-HCI 0,1 M, pH 7,5, GSSG 20 mM
and NADPH 2 mM (Carlberg and Mannervik 1985). The decrease in absorbance at 340
nm and 30 °C was measured in the first reaction minute. The enzymatic activity was
calculated using the molar extinction coefficient 6.22 mM™ cm™! and expressed in nmol
of oxidized glutathione min™' mg™! protein.
Hydrogen peroxide (H202) contents

Samples of 0.2 g fresh root and leaf mass were ground in liquid nitrogen and
homogenized in 2.0 mL of 50 mM potassium phosphate buffer, pH 6.5, containing 1 mM
hydroxylamine. After filtration, the homogenate was centrifuged at 10,000 g, for 15 min,
at 4 °C, and the supernatant was collected (Kuo and Kao 2003). 50 pL aliquots of the
supernatant were added to a reaction medium consisting of 100 uM FeNH4 (SOs4), 25 mM
sulfuric acid, 250 uM xylenol orange and 100 mM sorbitol in a final volume of 2 mL
(Gay and Gebicki 2000). Samples were kept in the dark for 30 min and the absorbance
determined at 560 nm. Color whites of the reagents and plant extracts were prepared in
parallel and subtracted from the sample. The H2O> contents in the samples were estimated
based on calibration curve prepared with H>O> standards and expressed in pmol g FW.
Malondialdehyde analysis

Malondialdehyde (MDA) concentration was measured following the procedure of
Hodges et al. (1999). Frozen leaf tissue was homogenized in 80 % cold ethanol and
centrifuged to pellet debris. Different aliquots (1 ml each) of the supernatant were mixed
either with 1 ml trichloroacetic acid (20 %) or with 1 ml trichloroacetic acid (20 %),
containing 0.5 % thiobarbituric acid. Both mixtures were allowed to react in a water bath
at 90 °C for 1 h. The samples were cooled in an ice bath and centrifuged. Absorbance of
the supernatant was read at 440, 532 and 600 nm against a blank. MDA concentration
was expressed in terms of nmol g ' FW (Adhikari et al. 2020).
Microscopy analysis

Mature leaves from the third node with no visual symptoms of toxicity (n=2) were
collected, fixed in FAA (formalin, acetic acid, 50 % ethanol, 1:1:18 by volume) and stored
in 70 % ethanol (Johansen 1940). Fragments were dehydrated in ethylic series, included
in methacrylate (Historesin, Leica Instruments) and cross-sectioned on an automatic
advance rotary microtome. The sections were stained with 0.05 % toluidine blue O (pH

4.0) (O’Brien et al. 1964), and mounted on slides using synthetic resin (Permount, Fisher
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Scientific, New Jersey, USA). Reaction with periodic acid - Schiff's reagent (PAS) with
adequate control, for the detection of total carbohydrates (O “Brien and McCully, 1981).
Scanned images were obtained under a microscope (model AX70 TRF, Olympus Optical)
with U-Photo system, coupled to the digital photographic camera (model Spot
Insightcolour 3.2.0, Diagnostic Instruments Inc.) and microcomputer with the image

capture of Spot Basic program.

RESULTS

The height, diameter and height/diameter ratios of the plants subjected to
treatments with inoculation did not differ from each other (Table 2). The concentration
of Cu increased in leaves and roots, and those of Mn and Mg decreased in leaves when
compared with T;. Chromium contents decreased in leaves and increased in roots in
treatments with inoculation, compared to T;. No detection of Pb, Cd and As in plant
tissues (Table 3).

Activities of SOD and GR was not influenced by the treatments. However, there
was a reduction in CAT activity, in leaves and roots, and POX, in roots, of T3 and T4
(Figure 1). The inoculation promoted a reduction in the levels of MDA, in leaves and
roots, and of H»>O», in leaves, and an increase in the levels of H>O> in roots, when
compared with T1 (Figure 2).

The gas exchange rates in inoculated C. grandis did not differ between themselves
and in relation to the control. The assimilation of CO2 was very low, remained between
0.43 and 0.64 umol m s2. When analyzed as transpiration rates (E), it was observed that
the T2 is 62 % higher in relation to Ti. On the other hand, the T1, T3 and T4 procedures
were considered to be better in water use (WUE) (Figure 3).

The levels of chlorophyll a, b and carotenoids were not influenced by the
treatments. Anthocyanin levels increased in treatments compared to T (Figure 4).

The leaf of C. grandis has a uniseriate epidermis, with papillae abaxial face cells,
with the presence of anthocyanin and uniseriate and multicellular trichomes. The leaf is
hypostomatic. The epidermis of the leaf's adaxial face has square cells with a thin layer
of cuticle. The mesophyll is formed by a layer of palisade parenchyma, with few
intercellular spaces and three to four layers of spongy parenchyma. The vascular bundles
are collateral with a fiber cap around them. Visually, plant exposure to mining tailings
promoted alteration in the pattern of mesophyll division that caused cell hypertrophy in

the palisade and spongy parenchyma in the leaves (Figure 5B-C) in comparation to
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reference plants (Figure 5SA). Occurred starch grains in the mesophyll cells, evidenced
by reaction to Schiff, with a visual lower proportion in hypertrophied cells. The inoculated

plants showed less thickness of the leaf mesophyll, especially in T4 (Figure 5 F-H).

DISCUSSION

When compared with Cassia grandis cultivated in commercial substrate, was
observed increment in Cr, Cu, Mn and Mg concentrations in leaves, and Fe and
Crconcentrations in roots. On the other hand, decreased of concentration of Zn, K, Pi in
leaves, and Mn, Ca, K, Pi, Mg in roots (Matos et al. 2020). With the substrate used,
composed of iron mining tailings, indicating that the plant absorbed a large amount of
this element, which may have influenced the absorption of P and Mn (Jucoscki et al.
2016). All the elements citated, was important, in appropriate concentrations, for
maintaining of plant nutrition. The AMF, which form associations with plant roots (Zhang
et al. 2015), can influence the plant community (Lau and Lennon 2011), especially
associated with leguminous species, allowing to increase the absorption of nutrients and
water, as well as increasing tolerance to environments with high metals concentrations
(Garcia et al. 2016).

The increase and reduction of Cr levels, respectively in roots and leaves, of plants
inoculated in relation to T1, can indicates the influence of AMF in the absorption and
accumulation of this metal. The charges on its surface makes it excellent biosorbents
which can complex and immobilize elements in the roots of plants (Srivastava et al.
2015). Some unstable Cr states can be formed during their assimilation process, and these
are responsible for the formation of free radicals, inducing oxidative stress (Sinha et al.
2018). Thus, the decrease in the translocation of metals to the aerial part, decreases the
oxidative stress in these organs.

High concentrations of Cu observed in leaves and roots of inoculated plants can
affect metabolism, due to its ability to catalyze reactions that form ROS, lipid
peroxidation and damage the photosynthetic apparatus (Ayangbenro and Babalola 2017).

Usually, plants grown in mining tailings, have high antioxidative enzyme activity
(Saadani et al. 2016, Delplace et al. 2020). However, in this study it was observed
decrease in POX activity values in roots and CAT in roots and leaves, in inoculated plants,
probably the was due to use at the other antioxidant mechanisms, such as the use of

anthocyanins, also observed in other plants (Chu et al. 2018). The decreased in MDA

38



levels, observed in inoculated plants, indicates lower effects of lipid peroxidation in these
plants, when compared to T, was observed in other studies (Pollastri et al. 2018).

Anthocyanins playing an important role in oxidant process, being used as
hydrogen donors, inhibiting the superoxide anion (Talaat 2015). Thus, the presence of
greater content of anthocyanin in plants inoculated, may indicate efficient antioxidant
protection.

The metals Cr, Cu, Fe, Mn accumulation in plant leaves results in damage to the
photosynthetic apparatus, influencing the carboxylation process (Santos et al. 2017),
leading to a lower production of photoassimilates and decreased plant growth (Lahive et
al. 2018). However, for the treatments analyzed, there was no difference in photosynthetic
parameters expected in T2, which presented reduction in the WUE rate and an increase in
E, interestingly it would be expected that these parameters were affected, because high
density of particles from the mining tailing, which exceeds the limit of 3 g cm™
(Figueiredo et al. 2019) and restricting of the main root growth (Matos et al. 2020).

High compaction limited the availability of water and nutrients, leading to
stomatal closure and reduced CO: fixation, since the healthy plants, growing in
commercial substrate was observed a reduction of 90% approximately in the
photosynthetic rate (Matos et al. 2020). These results may explain the no difference in
photosynthetic parameters in T2, which presented reduction in the WUE rate and an
increase in E, due to were affected, because high density of particles.

The morphoanatomical damages identified, corroborate with all the other data
obtained, indicating the presence of stress, to which the plants are subjected. Recognizing
such damage caused by the response to stress, as well as the morphological and
physiological characteristics affected, is fundamental for building a better performance
analysis of tolerant genotypes in the field (Pandey et al. 2017). As hypertrophied cells
found, they are related to adaptation to stress, as was observed in the leaves of native
species of the Atlantic Forest (Andrade and Silva 2017).

The higher concentration of carbohydrates may be related in leaves of inoculated
treatments to the inoculation and show that the vascular bundle is intact. Arbuscular
mycorrhizal fungi stimulate ATPases of the root system, allowing a greater flow of
carbohydrates allowing greater bi-directional transfer of nutrients and water (Pinos et al.
2019). This accumulation can also be related to osmotic protection, since the plant, when
water is limited, can accumulate organic solutes and ions in order to maintain its hydration

(Sourour et al. 2017).
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Based on the results, AMF inoculation minimizes the stress generated by the
cultivation in mining tailings, since reduces the damage to the membrane (MDA contents)
and even with the plant with a low rate of photosynthesis, it continues to produce

photoassimilates and causes morphological adaptations, as cell differentiation.

CONCLUSIONS

The data obtained on its physiological and anatomical changes are of great
importance, since few studies have been carried out with this species grown in an area
contaminated with iron mining tailings. The treatments were not presented differences
among inoculated and non-inoculated plants. It’s expected inoculation promotes
advantages to the plants, however, in this experiment it was not possible to verify these
benefits, probably, due to physical and chemical limitations presented by the mining
tailings, on the root’s development limitation.

Although some results obtained are satisfactory and make us believe that this plant
could survive in such conditions, it was not possible to identify the benefits arising from

the association of arbuscular mycorrhizal fungi with the root system of these plants.
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Table 1: Inoculum prepared for colonization of Cassia grandis roots for later growth in

mining tailing

Treatment Inoculum
Treatment 1 Substrate without inoculum.
Treatment 2 Substrate prepared with vermiculite, sugarcane bagasse and

native forest inoculum of arbuscular mycorrhizal fungi (1:1:1).

Treatment 3 Substrate prepared with vermiculite, sugarcane bagasse and

tailings inoculum of arbuscular mycorrhizal fungi (1:1:1).

Treatment 4 Substrate prepared with vermiculite, sugarcane bagasse, tailing
and laboratory microbial culture of inoculum arbuscular

mycorrhizal fungi (1:1:1:1).

Table 2: Height (H), diameter (D) and ration H/D of Cassia grandis seedlings grown on
mining tailing without inoculum (T;), with native forest soil inoculum (T2), tailing

inoculum (T3), tailing with laboratory microrganism culture (T4)

Treatment H (cm) D (mm) H/D
T 8,10+0,91 1,93+0,22 4,25+0,39
T2 8,20+0,52 1,84+0,24 4,65+0,61
T3 7,20+0,45 1,84+0,16 4,05+0,56
T4 7,00+0,91 1,91+0,24 3,56+0,58

*Values are represented by means + standard error of five repetitions. Means followed by
the same letters do not differ by the Tukey’s test (p < 0,05).
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Table 3: Contents of Cr, Cu, Mn, Zn, Pb, Cd, As, Ca, K, Fe, Pi and Mg in leaves and
roots of Cassia grandis grown in mining tailing without inoculum (T;), with native forest

soil ioculum (T?), tailing inoculum (T3), tailing with laboratory microrganism culture (T4)

Leaves

ug g ' DW T1 T2 T3 T4
Cr 24.0540.52 3.40+0.09 7.76£0.18 20.69+0.52
Cu 21.46+0.53 37.5140.62 36.2940.68 33.67+0.80
Mn 157.37+2.82 148.29+1.02 150.79+0.54 152.52+2.23
7n 28.5240.70 8.45+0.57 8.10+0.49 12.45+0.59
Pb nd nd nd nd
Cd nd nd nd nd
As nd nd nd nd
mg g DW

Ca 12.214£0.38 13.76+0.32 13.85+0.25 12.48+0.72
K 13.08+0.57 10.9940.46 12.20+0.38 12.0540.61
Fe 1.62+0.10 1.51+0.07 1.39+0.13 1.66+0.08
Pi 0.56+0.03 0.63+0.04 0.57+0.05 0.68+0.03
Mg 21.53+£0.39 17.13+0.22 13.97+0.75 12.48+0.54

Roots

ug g DW Ti T2 T3 T4
Cr 29.33+1.34 34.43£1.96 35.39+1.56 61.81+0.88
Cu 69.37+0.97 77.34+0.94 95.37£1.26 105.58+1.97
Mn 26.36+0.04 5.98+0.22 4.15+0.15 5.18+0.08
7n 12.67+0.28 11.8240.18 10.83+0.13 10.46+0.56
Pb nd nd nd nd
Cd nd nd nd nd
As nd nd nd nd
mg g DW

Ca 5.93+0.37 7.83+0.11 6.67+0.16 7.06£0.20
K 1.76+0.03 2.65+0.16 2.43+0.08 2.47+0.12
Fe 5.39+0.11 4.88+0.15 4.80+0.28 4.76£0.41
Pi 0.15+0.01 0.15+0.01 0.15+0.01 0.12+0.01
Mg 1.77£0.09 1.81+0.03 1.99+0.05 2.70+0.12

*Values are represented by means * standard error of five repetitions.
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Figure 1: Antioxidant enzyme activity, SOD (A and B), CAT (C and D), POX (E and F)
and GR (G and H) in leaves and roots of Cassia grandis grown on mining tailing without
inoculum (T;), native forest soil inoculum (T>), tailing inoculum (T3), tailing with

laboratory microrganism culture (T4).
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Figure 2: Hydrogen peroxide and MDA contents in leaves and roots in Cassia grandis
grown on mining tailing without inoculum (T1), native forest soil inoculum (T2), tailing

inoculum (T3), tailing with laboratory microrganism culture (T4).
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Figure 3: Photosynthesis (A), stomatal conductance (B), transpiration (C) rates, water
use efficiency (D) in Cassia grandis grown on mining tailing without inoculum (T1), with
native forest soil inoculum (T2), tailing inoculum (T3), tailing with laboratory

microrganism culture (T4).
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Figure 4: Chlorophyll a (A), b (B), carotenoids (C) and anthocyanins (D) contents in

Cassia grandis grown on mining tailing without inoculum (Ti), native forest soil

inoculum (T»), tailing inoculum (T3), tailing with laboratory microrganism culture (Ts).
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Figure 5: Leaf anatomy of Cassia grandis grown on commercial substrate (control),
mining tailing without inoculum (B and F, T1), with native forest soil inoculum (C and
G, T»), tailing inoculum (D and H, T3) and tailing with laboratory microrganism culture
(E and I, T4). pp — palisade parenchyma; sp — spongy parenchyma; ep — epidermis; st —

stomata; vv — vascular vessel; tr — trichome; * — hypertrophied cell; — starch granules.

REFERENCES

Adhikari, A., Adhikari, S., Ghosh, S., Azahar, 1., Shaw, A. K., Roy, D., Roy, S., Saha, S,
& Hossain, Z. (2020). Imbalance of redox homeostasis and antioxidant defense status
in maize under chromium (VI) stress. Environmental and Experimental Botany,
https://doi.org/10.1016/j.envexpbot.2019.103873

Aires, U.R.V., Santos, B.S.M., Coelho, C.D., da Silva, D.D., & Calijuri, M.L. (2018).
Changes in land use and land cover as a result of the failure of a mining tailings dam
n Mariana, MG, Brazil. Land Use Policy,
https://doi.org/10.1016/j.Jandusepol.2017.10.026

Alvares, C.A., Stape, J.L., Sentelhas, P.C., Gongalves, J.L.M., & Sparovek, G. (2013).
Koppen’s climate classification map for Brazil. Meteorologische Zeitschrift,
https://doi.org/10.1127/0941-2948/2013/0507

Anderson, M.D., Prasad, T.K., & Stewart, C.R. (1995). Changes in isozyme profiles of
catalase, peroxidase, and glutathione reductase during acclimation to chilling in
mesocotylus of maize seedlings. Plant Physiology,
https://doi.org/10.1104/pp.109.4.1247

Andrade, G.C. & Silva, L.C. (2017). Responses of tropical legumes from the Brazilian
Atlantic Rainforest to simulated acid rain. Protoplasma,
https://doi.org/10.1007/s00709-016-1054-z

Asmelash, F., Bekele, T., & Birhane, E. (2016). The potential role of arbuscular
mycorrhizal fungi in the restoration of degraded lands. Front Microbiology,
https://doi.org/10.3389/fmicb.2016.01095

Ayangbenro, A.S. & Babalola, O.0. (2017). A New Strategy for Heavy Metal Polluted
Environments: A Review of Microbial Biosorbents. International Journal of
Environmental Research, https://doi.org/10.3390/ijerph14010094

Beauchamp, C., & Fridovich, I. (1971). Superoxide Dismutase: Improved assays and an
assay applicable to acrylamide gels. Analytical ~ Biochemistry,

https://doi.org/10.1016/0003-2697(71)90370-8
48



Cargnelutti Filho, A., Araujo, M.M., Gasparin, E., & Avila, ALLD. (2012).
Dimensionamento amostral para avaliacio de altura e didmetro de mudas de
Cabralea  canjerana. Ciéncia  Rural,  http://dx.doi.org/10.1590/S0103-
84782012000700011

Carlberg, 1., & Mannervik, B. (1985). Glutathione reductase. Methods in Enzymology,
https://doi.org/10.1016/S0076-6879(85)13062-4

Carvalho PER. Cdssia-Rosea — Cassia grandis. Colombo: Embrapa; 2006. (Circular
técnica; no. 117).

Chance, B. & Maehley, A.C. (1955). Assay of catalases and peroxidases. Methods in
Enzymology, https://doi.org/10.1002/9780470110171.ch14

Chu, Z., Wang, X., Wang, Y., Liu, G., Dong, Z., Lu, X., Chen, G., & Zha, F. (2018).
Effects of coal spoil amendment on heavy metal accumulation and physiological
aspects of ryegrass (Lolium perenne L.) growing in copper mine tailings.
Environmental monitoring and assessment, https://doi.org/10.1007/s10661-017-
6400-x.

Davide, A.C. & Faria, J.M.R. Viveiros florestais. In: DAVIDE, A.C.; SILVA, E.A A.
(Ed.). Producdo de sementes e mudas de espécies florestais. Lavras: UFLA, 2008.
Cap.2, p.83-124.

Davies, K.M., Albert, N.-W., Zhou, Y., & Schwinn, K.E. (2018). Functions of flavonoid
and betalain pigments in abiotic stress tolerance in plants. Annual Plant Reviews
Online, https://doi.org/10.1002/9781119312994.apr0604

Douds, D.D.J., Nagahashi, G., & Hepperly, P.R. (2010). On-farm production of inoculum
of indigenous arbuscular mycorrhizal fungi and assessment of diluents of compost
for inoculum production. Bioresource Technology,
https://doi.org/10.1016/j.biortech.2009.11.071

Figueiredo, M.D., Lameiras, F.S., Ardisson, J.D., Araujo, M.H. & Teixeira, A.P.C.
(2019). Tailings from Fundao Tragedy: Physical-Chemical Properties of the Material
That Remains by Candonga Dam. Integrated Environmental Assessment and
Management — Volume 00, Number 00—pp. 1-7. DOI: 10.1002/ieam.4227

Garcia, K. G. V., Gomes, V. F. F., de Almeida, A. M. M., & Mendes Filho, P. F. (2016).
Micorrizas arbusculares no crescimento de mudas de sabid em um substrato
proveniente da mineracdo de manganés. Revista Verde de Agroecologia e

Desenvolvimento Sustentdvel, https://doi.org/10.18378/rvads.v11i2.4088

49



Gay, C., & Gebicki, J.M. (2000). A critical evalution of the effect of sorbitol on the
ferricxylenol ~ orange  hydroperoxide  assay. Analytical — Biochemistry,
https://doi.org/10.1006/abio.2000.4696

Gianinazzi, S., Gollotte, A., Binet, M.N., Tuinen, D.V., Redecker, D., & Wipf, D. (2010).
Agroecology: the key role of arbuscular mycorrhizas in ecosystem services.
Mycorrhiza, https://doi.org/10.1007/s00572-010-0333-3

Giannopolitis, C.N., & Ries S.K. (1977). Superoxide dismutases: Occurrence in higher
plants. Plant Physiology, https://doi.org/ 10.1104/pp.59.2.309

Grandlic, C.J., Mendez, M.O., Chorover, J., Machado, B., & Maier, R.M. (2008). Plant
growth-promoting bacteria for phytostabilization of mine tailings. Environmental
Science & Technology, https://doi.org/ 10.1021/es072013;.

Grossnickle, S.C., & MacDonald, J.E. (2018). Why seedlings grow: influence of plant
attributes, New Forests, https://doi.org/10.1007/s11056-017-9606-4

Guerra, M.B.B., Teaney, B.T., Mount, B.J., Asunskis, D.J., Jordan, B.T., Barker, R.J.,
Santos, E.E., & Schaefer, C.E.G.R. (2017). Post-catastrophe analysis of the Fundao
tailings dam failure in the Doce River system, southeast Brazil: potentially toxic
elements in  affected soils.  Water,  Air, &  Soil  Pollution,
https://doi.org/10.1007/s11270-017-3430-5

Guimaraes, L.A.D.O.P., de Assis, I.R., Dias, L.E., Cordeiro, A.L., & Freire, A.S. (2017).
Espécies arboreas potenciais para a revegetacao de rejeito salino contaminado com
arsénio. Ciéncia Florestal, http://dx.doi.org/10.5902/1980509828637

Guo, J.K., Feng, R.W_, Ding, Y., & Ruigang, W. (2014). Applying carbon dioxide, plant
growth-promoting rhizobacterium and EDTA can enhance the phytoremediation
efficiency of ryegrass in a soil polluted with zinc, arsenic, cadmium and lead. Journal
Environmental Management, http://dx.doi.org/10.1016/j.jenvman.2013.12.039

Hao, X., Taghavi, S., Xie, P., Orbach, M.J., Alwathnani, H.A., Rensing, C., & Wei, G.
(2014). Phytoremediation of heavy and transition metals aided by legume-rhizobia
symbiosis. International Journal of Phytoremediation,
http://dx.doi.org/10.1080/15226514.2013.773273

Havir, E.A., & McHale, N.A. (1987). Biochemical and developmental characterization
of multiple forms of catalase in tobacco leaves. Plant Physiology, http://dx.doi.org/
10.1104/pp.84.2.450

Hodges, D. M., DeLong, J. M., Forney, C. F., & Prange, R. K. (1999). Improving the

thiobarbituric acid-reactive-substances assay for estimating lipid peroxidation in

50



plant tissues containing anthocyanin and other interfering compounds. Planta,
https://doi.org/10.1007/s004250050524

Johansen, D.A., 1940. Plant Microtechnique. McGraw-Hill, New York.

Jucoski, G.O., Cambraia, J., Ribeiro, C., & Oliveira, J.A. (2016). Excess iron on growth
and mineral composition in Eugenia uniflora L. Revista de Ciéncia Agrondmica,
https://doi.org/10.5935/1806-6690.20160086

Kar, M., & Mishra, D. (1976). Catalase, Peroxidase and Polyphenol Oxidase Activities
during Rice Leaf Senescence. Plant Physiology, https://doi.org/10.1104/pp.57.2.315

Kuo, M.C.,, & Kao, C.H. (2003). Aluminum effects on lipid peroxidation and
antioxidative enzyme activities in rice leaves. Biologia Plantarum,
https://doi.org/10.1023/A:1022356322373

Lahive, F., Hadley, P., & Daymond, A.J. (2018). The impact of elevated CO> and water
deficit stress on growth and photosynthesis of juvenile cacao (Theobroma cacao L.).
Photosynthetica, https://doi.org/10.1007/s11099-017-0743-y

Lampis, S., Santi, C., Ciurli, A., Andreolli, M., & Vallini, G. (2015). Promotion of arsenic
phytoextraction efficiency in the fern Pteris vittata by the inoculation of As-resistant
bacteria: a soil bioremediation perspective. Frontiers in Plant Science,
https://doi.org/10.3389/fpls.2015.00080

Lau, J. A., & Lennon, J. T. (2011). Evolutionary ecology of plant—-microbe interactions:
soil microbial structure alters selection on plant traits. New Phytologist,
https://doi.org/10.1111/5.1469-8137.2011.03790.x

Leal, C.C., Torres, S.B., Freitas, R.M., Nogueira, N.-W., & Farias, R.M.D. (2016). Light
intensity and type of container on producing Cassia grandis L. seedlings. Revista
Brasileira de Engenharia Agricola e Ambiental, http://dx.doi.org/10.1590/1807-
1929/agriambi.v19n10p939-945

Leal, P.L., Varén-Lépez, M., Prado, I.G.O., Santos, J.V., Soares, C.R.F.S., Siqueira, J.O.,
& Moreira, FM.S. (2016). Enrichment of arbuscular mycorrhizal fungi in a
contaminated soil after rehabilitation. Brazilian Journal of Microbiology,
http://dx.doi.org/10.1016/.bjm.2016.06.001

Lindeman, W. (1958). Observations on the behaviour of phosphate compounds in
Chlorella at the transition from dark to light. Proc. Ilnd Int. Conf. of the U.N. on the
Peaceful Uses of Atomic Energy. 24: 8-15.

O'Brien, T.P., & McCully, M.E. (1981) The Study of Plant Structure: Principles and
Selected Methods. Termarcarphi Pty. Ltd., Melbourne.

51



O’Brien, T.P., Feder, N., & McCully, M.E. (1964). Polychromatic staining of plant cells
walls by toluidine blue. O. Protoplasma, https://doi.org/10.1007/BF01248568

Pandey, P., [rulappan, V., Bagavathiannan, M. V., & Senthil-Kumar, M. (2017). Impact
of combined abiotic and biotic stresses on plant growth and avenues for crop
improvement by exploiting physio-morphological traits. Frontiers in plant science,
https://doi.org/10.3389/fpls.2017.00537

Pinos, N. Q., Louro Berbara, R. L., Elias, S. S., van Tol de Castro, T. A., & Garcia, A. C.
(2019). Combination of humic substances and arbuscular mycorrhizal fungi affecting
corn plant growth. Journal of Environmental Quality,
https://doi.org/10.2134/jeq2019.01.0035

Pollastri, S., Savvides, A., Pesando, M., Lumini, E., Volpe, M.G., Ozudogru, E.A.,
Faccio, A., De Cunzo, F., Michelozzi, M., Lambardi, M., Fotopoulos, V., Loreto, F.,
Centritto, M., & Balestrini, R. (2018). Impact of two arbuscular mycorrhizal fungi
on Arundo donax L. response to salt stress. Planta, https://doi.org/10.1007/s00425-
017-2808-3

Saadani, O., Fatnassi, I.C., Chiboub, M., Abdelkrim, S., Barhoumi, F., Jebara, M., &
Jebara, S.H. (2016) In situ phytostabilisation capacity of three legumes and their
associated Plant Growth Promoting Bacteria (PGPBs) in mine tailings of northern
Tunisia. Ecotoxicology and Environmental Safety.
https://doi.org/10.1016/j.ecoenv.2016.04.032

Santos, E.F., Santini, J.M.K., Paixao, A.P., Jinior, E.F., Lavres, J., Campos, M., & Reis,
A.R. (2017). Physiological highlights of manganese toxicity symptoms in soybean
plants: Mn toxicity responses. Plant Physiology and  Biochemistry,
https://doi.org/10.1016/j.plaphy.2017.01.022

Scoriza, R. N., & Correia, M. E. F. (2019). Establishment of Leguminous Trees in the
Soil of a Shooting Range. Floresta e Ambiente, https://doi.org/10.1590/2179-
8087.080517

Sinha, V., Pakshirajan, K., & Chaturvedi, R. (2018). Chromium tolerance,
bioaccumulation and localization in plants: An overview. Journal of environmental
management, https://doi.org/10.1016/j.jenvman.2017.10.033

Soares, C.R.F.S., & Siqueira, J.O. (2008). Mycorrhiza and phosphate protection of
tropical grass species against heavy metal toxicity in multi-contaminated soil.

Biology and Fertility of Soils, https://doi.org/10.1007/s00374-007-0265-z

52



Sourour, A., Afef, O., Mounir, R., & Mongi, B. Y. (2017). A review: morphological,
physiological, biochemical and molecular plant responses to water deficit stress.
International Journal of Engineering and Science, https://doi.org/10.9790/1813-
0601010104

Spruyt, A., Buck, M.T., Mia, A., & Straker, C.J. (2014). Arbuscular mycorrhiza (AM)
status of rehabilitation plants of mine wastes in South Africa and determination of
AM fungal diversity by analysis of the small subunit rRNA gene sequences. South
African Journal of Botany, https://doi.org/10.1016/j.sajb.2014.07.006

Srivastava, S., Agrawal, S. B., & Mondal, M. K. (2015). A review on progress of heavy
metal removal using adsorbents of microbial and plant origin. Environmental Science
and Pollution Research, http://dx.do1.org/10.1007/s11356-015-5278-9

Stoffel, S.C.G., de Armas, R.D., Giachini, A.J., Rossi, M.J., Gonzalez, D., Meyer, E.,
Nicoleite, C.H., Rocha-Nicoleite, E. & Soares, C.R.F.S. (2016). Micorrizas
arbusculares no crescimento de leguminosas arbdéreas em substrato contendo rejeiro
de mineracdo de carvao. Cerne, https://doi.org/10.1590/01047760201622021969

Talaat, N.B. (2015). Effective microorganisms improve growth performance and
modulate the ROS-scavenging system in common bean (Phaseolus vulgaris L.)
Plants Exposed to Salinity Stress. Journal of Plant Growth Regulation,
http://dx.doi.org/10.1007/s00344-014-9440-2

Taylor, G.J., & Crowder, A.A. (1983). Use of the DCB technique for extraction of
hydrous iron oxides from roots of wetland plants. American Journal of Botany,
https://doi.org/10.2307/2443295

Teng, Y., Wang, X., Li, L., Li, Z., & Luo, Y. (2015). Rhizobia and their bio-partners as
novel drivers for functional remediation in contaminated soils. Frontiers in Plant
Science, https://doi.org/10.3389/fpls.2015.00032

Thompson, F., de Oliveira, B.C., Cordeiro, M.C., Masi, B.P., Rangel, T.P., Paz, P.,
Freitas, T., Lopes, G., Silva, B.S, Cabral, A.S, Soares, M., Lacerda, D., Vergilio,
C.S., Lopes-Ferreira, M., Lima, C., Thompson, C., & Soares, M. (2020). Severe
impacts of the Brumadinho dam failure (Minas Gerais, Brazil) on the water quality
of the Paraopeba River. Science of The Total
Environment, https://doi.org/10.1016/j.scitotenv.2019.135914

Van der Heijden, M.G. & Hartmann, M. (2016). Networking in the plant microbiome.
PLoS Biology, https://doi.org/10.1371/journal.pbio.1002378

53



Waterborg, J.H., & Matthews HR (1984). The Lowry method for protein quantitation.
https://doi.org/10.1385/0-89603-062-8:1.

Wellburn, A.R. (1994). The spectral determination of chlorophylls a and b, as well as
total carotenoids, using various solvents with spectrophotometers of different
resolution.  Journal of Plant Physiology, https://doi.org/10.1016/S0176-
1617(11)81192-2

Wu, J.-T., Wang, L., Zhao, L., Huang, X.C., & Ma, F. (2020). Arbuscular mycorrhizal
fungi effect growth and photosynthesis of Phragmites australis (Cav.) Trin ex.
Steudel under copper stress. Plant Biology, https://doi.org/10.1111/plb.13039

Zhang, Z. Z.., Srivastava, A. K., Wu, Q. S., & Li, G. H. (2015). Growth performance and

rhizospheric traits of peach (Prunus persica) in response to mycorrhization on replant

versus  non-replant  soil.  Indian  Journal  of  Agricultural  Sciences,

https://doi.org/10.1080/00103624.2019.1594882

54



CONCLUSAO GERAL

O processo de revegetacdo de locais que sofreram impactos ambientais, € de
grande importincia para o restabelecimento da biodiversidade e das caracteristicas
ambientais. No Brasil, dois grandes rompimentos de barragem de mineragdo, causaram
grandes danos nas regides afetadas (Mariana em 2015 e Brumadinho em 2019, ambas
cidades localizadas no estado de Minas Gerais).

Neste contexto, a introducao de espécies nativas, com caracteristicas comprovadas
de biorremediagdo, pode ser uma alternativa eficaz, visto que este tipo de rejeito, possui
em sua composicdo uma diversidade de metais. Apesar de ja ter sido estudada para
revegetacdo de rejeitos de mineracdo, a espécie Cassia grandis, possuiu poucos dados
acerca de seu comportamento fisiolégico e morfoldgico na literatura.

Os resultados obtidos mostram que, alta compactagdo do rejeito utilizado, foi o
fato limitante do bom desenvolvimento desta espécie. As alteracdes morfoldgicas e
fisiolégicas nos fazem acreditar que com um manejo adequado do solo, C. grandis pode
ser utilizada para o processo de revegetacao destes ambientes.

Assim, a identificacio as caracteristicas fisiologicas e morfologicas e sua maior
exploracdo, foi fundamental para entender o processo de adaptacdo ao estresse por esta
espécie que ainda € pouco explorada e tem um grande potencial de desenvolvimento em

ambientes ndo propicios a0 mesmo.
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