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ABSTRACT

SILVA, Daniel Rodrigues da, D.Sc., Universidade Federal de Vicosa, April, 2020. Mining
tailings effects from Mariana dam disaster in Minas Gerais, Brazil, on germination,
biometric parameters, mineral content, photosynthetic metabolism, morphoanatomy and
mycorrhizal colonization in Brachiaria decumbens Stapf. (Poaceae). Adviser: Luzimar
Campos da Silva.

After more than four years, the country still remembers what was one of the worst socio-
environmental disasters in history. The catastrophic Fundao dam rupture in Mariana - MG,
southeastern Brazil, which occurred in November 2015, launched more than 50 million cubic
meters of iron mining tailings Technosols (IMTT) into the environment. The tailings quickly
followed the drainage of Gualaxo do Norte, Carmo and Rio Doce rivers in Minas Gerais,
arriving at the mouth of Rio Doce in Atlantic Ocean, leaving a trail of destruction along the
way. This IMTT "tsunami" caused death of people, destruction of villages and urban
infrastructure, displacement of hundreds of families, riparian forest suppression, impact on
water bodies, among others. Currently, in the pastures affected by IMTT, the species Brachiaria
decumbens Stapf. (Poaceae) is one of the most common plants, therefore, the work objective
was to evaluate the effects of IMTT released in Rio Doce basin on ecophysiology,
morphoanatomy and mycorrhizal colonization in B. decumbens, in addition, we seek to test the
effects on affected soil quality when mixing the IMTT launched in Rio Doce basin with the soil
unaffected by IMTT. For this, the unaffected soil by IMTT (Ref), the Technosol with a thick
deposition of iron mining tailings (Tec) was sampled in Barra Longa - MG and we made a
mixture of 50 % of each soil type (Ref/Tec) for a greenhouse experiment that lasted for 110
days, cultivating B. decumbens in these three soil types. Our results showed that the iron mining
tailings Technosols (Tec) are poor in nutrients, particularly in zinc and organic matter and
caused iron toxicity which resulted in decrease in growth, development, mineral content and
photosynthetic metabolism of B. decumbens. Corroborating previous studies, it was observed
in IMTT a poor nutritional status. The Ref/Tec soil for having superior quality to Tec proved
to be an suitable approach for use in areas where Technosols of iron mining tailings were
deposited, representing an important step for a quick recovery of these soils, for agricultural,
pasture production and for environmental restoration.

Keywords: Rio Doce. Forage grass. Nutritional deficit.



RESUMO

SILVA, Daniel Rodrigues da, D.Sc., Universidade Federal de Vicosa, abril de 2020. Efeitos
dos rejeitos de mineracao do desastre da barragem de Mariana em Minas Gerais, Brasil,
sobre a germinacao, parametros biométricos, conteiido mineral, metabolismo
fotossintético, morfoanatomia e colonizacao micorrizica em Brachiaria decumbens Stapf.
(Poaceae). Orientadora: Luzimar Campos da Silva.

Passados mais de quatro anos, o pais ainda se lembra daquele que foi um dos piores desastres
socioambientais da histéria. O catastr6fico rompimento da barragem de Funddo em Mariana -
MG, sudeste do Brasil, ocorrido em novembro de 2015, langou no meio ambiente mais de 50
milhdes de metros cuibicos de Tecnosolos de rejeitos de mineracdo de ferro (TRMF) no
ambiente. Os rejeitos rapidamente seguiram as drenagens dos rios Gualaxo do Norte, Carmo e
Rio Doce, em Minas Gerais, chegando na foz do Rio Doce no Oceano Atlantico, deixando um
rastro de destrui¢do pelo caminho. Esse "tsunami" de TRMF causou a morte de pessoas,
destruicdo de vilarejos e de infraestrutura urbana, desalojamento de centenas de familias,
supressao de floresta ripdria, impacto em corpos de dgua, dentre outros. Atualmente, nas
pastagens afetadas pelo TRMF, a espécie Brachiaria decumbens Stapf. (Poaceae) é uma das
plantas mais comuns, diante disso, o objetivo do trabalho foi avaliar os efeitos do TRMF
lancados na bacia do Rio Doce na ecofisiologia, morfoanatomia e coloniza¢ao micorrizica em
B. decumbens, além disso, buscamos testar os efeitos na qualidade do solo afetado ao se
misturar o TRMF lancado na bacia do Rio Doce com o solo ndo afetado por TRMF. Para isso,
foi coletado em Barra Longa - MG o solo ndo afetado pelo TRMF (Ref), o Tecnosolo com uma
deposi¢do espessa de rejeitos de mineragao de ferro (Tec) e fizemos uma mistura de 50 % de
cada tipo de solo (Ref/Tec) para um experimento em casa de vegetacdo que durou 110 dias no
qual foi realizado o cultivo de B. decumbens nesses trés tipos de solo. Nossos resultados
mostraram que os Tecnosolos de rejeitos de mineracdo de ferro (Tec) sdo pobres em nutrientes,
principalmente em zinco e matéria organica e causaram toxicidade por ferro o que resultou na
diminui¢do de crescimento, desenvolvimento, teor mineral e metabolismo fotossintético de B.
decumbens. Corroborando estudos anteriores, foi observado no TRMF um pobre status
nutricional. O solo Ref/Tec por ter tido qualidade superior ao Tec se mostrou uma abordagem
adequada para uso em dreas onde foram depositados os Tecnosolos de rejeitos de mineragdo de
ferro, representando um passo importante para uma rdpida recuperacdo desses solos, para
producdo agricola, de pastagens e para recuperacao ambiental.

Palavras-chave: Rio Doce. Graminea forrageira. Déficit nutricional.
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1. INTRODUCTION

On November 5", 2015, the Fundio iron ore dam at Mariana (Minas Gerais state) collapsed,
resulting in the biggest environmental disaster in Brazilian history (Cordeiro et al., 2019;
IBAMA, 2015; Valeriano et al., 2019). After this event, a wave with more than 50 million m?
of iron mining tailings Technosols were dumped into the environment (Guerra et al., 2017;
Marta-Almeida et al., 2016; Segura et al., 2016), following the drainages of Gualaxo do Norte,
Carmo and Rio Doce Rivers, in Minas Gerais, arriving at Rio Doce mouth in Atlantic Ocean,
totaling 663.2 km of directly impacted water bodies and 36 affected municipalities (Hatje et al.,
2017; IBAMA, 2015; Santos et al., 2019).

The disaster caused a loss of 457.6 ha of riparian forest and covered a riverside area of 1176.6
ha (Omachi et al., 2018). The social impacts were considerable, with the interruption of basic
urban services such as electricity supply and drinking water, burial of buildings at Bento
Rodrigues and Paracatu de Baixo district, displacement of over 600 families and 19 confirmed
deaths (Fernandes et al., 2016; IBAMA, 2015; Valeriano et al., 2019).

The foreseeable impacts will last for years affecting the lives of about 1 million people living
in the affected riverside communities, due to the reduced fish stocks, compromised agricultural
and indigenous lands (Fernandes et al., 2016; Garcia et al., 2017; IBAMA, 2015; Marta-
Almeida et al., 2016). According to Garcia et al. (2017), the estimated loss of environmental
services is about US$ 521 million per year.

In Minas Gerais the jointing of Piranga and Carmo rivers forms the Rio Doce (IGAM, 2005)
in the Quadrildtero ferrifero region, one of the most important mining regions of Brazil,
explored since the early seventeenth century for the extraction of gold, iron and aluminum
(Borba et al., 2002; Hatje et al., 2017). The total historic gold extraction in the region is
estimated to be over 1,300 tonnes (Borba et al., 2002) and iron and gold mineral deposits in the
region are associated with potentially toxic elements such as manganese, arsenic from
arsenopyrite and the mercury that comes from old-times gold mining activities after 300 years
of intense mineral exploitation, leading air, soil and water pollution (Borba et al., 2002; Hatje
et al., 2017; Matschullat et al., 2000). For example, gold mining process alone is estimated to
have generated 390,000 tonnes of arsenic in water bodies (Borba et al., 2002).

According to Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis
(Brazilian Institute of Environment and Renewable Natural Resources) - IBAMA reports
carried out in 2014, the nature of the dam tailings was basically iron oxide and quartz IBAMA,

2015). According to Almeida et al. (2018) and Guerra et al. (2017) the mining tailings dumped
11



in the Rio Doce do not present risks to human health because of low concentration of toxic
metallic elements.

Although iron mining tailings has been considered have no risk of contamination (Davila et
al., 2020; Figueiredo et al., 2020), the extraordinary volume of mining tailings dumped into the
environment may have caused the reworking and spreading of bottom sediments in rivers that
historically hold heavy metals from previous mining activities, making them exposed to
biological systems (IBAMA, 2015).

Deposits of mining tailings from ruptured dam affected fluvial terraces and floodplains with
riparian forests areas and pastures (Aires et al., 2018; Schaefer et al., 2015). According to Leal
et al. (2016) and Moreira et al. (2009), 85 % of Brazilian pastures are occupied by grasses of
Brachiaria genus, so these forage grasses are extremely important for national livestock. The
genus Brachiaria has about 100 species that occur in tropical environments, especially in Africa
(Renvoize et al., 1996). These species have adapted well to Brazilian conditions since they
tolerate acid soils with low nutrient availability such as phosphorus and calcium. Moreover,
they are tolerant to high concentrations of aluminum in the soil, require low use of agricultural
inputs, simple management practices and have a reasonable drought tolerance (Crispim et al.,
2003; Rao et al.,1996).

Among the species of the Brachiaria genus, the species Brachiaria decumbens Stapf.
(Poaceae), native to eastern Africa stands out in Brazilian pastures (Alvim et al., 2002; Macedo,
2004; Renvoize et al., 1996; Seiffert, 1980). This grass occupies between 50 to 55 % of the
Brachiaria grass pastures in Brazil and presents better mineral composition than some native
foraging plants (Alvim et al., 2002; Crispim et al., 2003; Macedo, 2004).

Currently, after more than four years of the Mariana dam disaster, B. decumbens has become
the main grass in pasturelands affected by mining tailings, growing on Technosols either
naturally or managed. Understanding how this plant is adapted to the local affected by
Technosols can provide knowledge about the effects of Fe-rich mining tailings on plant-soil
relationships, helping developing recovery strategies of the impacted environments in Rio Doce
basin. Therefore, we hypothesized that the iron mining tailings Technosols from Fundao iron
ore dam collapse affect the development of B. decumbens and that the mixture between
unaffected soil by mining tailings and Technosol with a thick deposition of iron mining tailings
can be beneficial for improving the quality of these affected soils. The aim of this study was to
analyze the influence of iron mining tailings Technosols (IMTT) on B. decumbens

ecophysiology, morphoanatomy and mycorrhizal colonization and testing whether a mixture of

12



IMTT with local regional soils can enhance the affected soil properties seeking a novel approach

for Technosols recovery for agricultural, pasture production and environmental restoration.

2. MATERIAL AND METHODS

2.1. Soil sampling site

Soil samples were collected for a greenhouse experiment and for chemical analysis in a cattle
pasture area whose soil is classified as red yellow Argisol, in Gesteira district of Barra Longa,
Minas Gerais, Brazil (Lat: 20°1528.61"S and Long: 43°07'24.48"0) (Figures 1A and 1B). Soil
samples were collected approximately at 60 km downstream from the ruptured dam site and had
part of the ground covered by the ruptured iron mining tailings (Figure 1C). A 20 to 30 cm layer
of unaffected soil without iron mining tailings (Lat: 20°15'37.15"S and Long: 43°723.08"0)
and a 20 to 30 cm layer of a Technosol with a thick deposition of iron mining tailings (Lat:
20°15'34.61"S and Long: 43°7'22.32"0) were collected (Figure 1D). The sampling was

performed during the summer, on November 29, 2018.

2.2. Greenhouse experiment

Were planted seeds of Brachiaria decumbens Stapf. (Poaceae) (Bioseeds® seeds, cultivar
Basilisk) in 25-liter plastic pots. 50 seeds were planted randomly in each pot, in seven pots
containing unaffected soil without iron mining tailings (Ref), seven pots containing Technosol
with a thick deposition of iron mining tailings (Tec) and seven pots containing a mixture of 50
% of each soil type (Ref/Tec) were used, totaling 21 pots and 3 treatments (Figure 2). In each
pot 50 seeds were planted, and these were periodically irrigated with water and grown in a
greenhouse. The experiment lasted 110 days, starting on January 21%, 2019 (summer season)

and ending on May 11%, 2019 (fall season).

2.3. Soil and plant analysis

The soil samples were dried at room temperature for analyzing the fertility and physical soil
characteristics. For that, the Remaining P (Rem-P), P, K, Na, Ca, Mg, S, B, Cu, Mn, Fe, Zn, Cr,
Ni, Cd, Pb, exchangeable Al (AI**), exchangeable acidity (H + Al), pH in H>O, organic matter
(OM), sum of exchangeable bases (SB), effective cation exchange capacity (t), cation exchange
capacity at pH 7.0 (T), base saturation (V) and aluminum saturation (m) were estimated and soil

texture was classified as coarse sand, fine sand, and the clay and silt contents was estimated.
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For leaf chemical analysis, all leaves were collected at the end of the experimental period in
five pots of all treatments. The leaves of each pot were placed in plastic bags, mixed and an
aliquot of approximately 100 g of leaves were taken for foliar chemical analysis. These were
washed with running water, followed by distilled water. The samples were dried in an oven and
ground to determine the levels of N, P, K, Ca, Mg, S, Fe, Cu, Zn, Mn, B, Ni, Pb, Cd and Cr.

For the analysis of plant tissue and soil, methods based on internationally recognized
protocols were used, according to the Empresa Brasileira de Pesquisa Agropecudria (Brazilian

Agricultural Research Corporation) - EMBRAPA (EMBRAPA, 2009, 1997).

2.4. Seed germination tests

The seed germination tests were performed on the same seeds planted for the greenhouse
experiment. The seedlings count was performed until the 28" day and the final germination
percentage (FGP) of structurally normal seedlings was estimated (Brasil, 2009). The following
parameters and indexes were calculated: T10 (Time spent to 10 % germination), TS50 (Time
spent to 50 % germination), T90 (Time spent to 90 % germination) (Farooq et al., 2005) and
MGT (Mean Germination Time) (Labouriau, 1983), which take into account seed germination
time. GSI (Germination Speed Index) (Maguire, 1962), MGR (Mean Germination Rate)
(Labouriau, 1983) and CVG (Velocity of Germination Coefficient) (Nichols and Heydecker,
1968) which take into account the germination speed. CVt (Germination Time Coefficient of
variation) (Carvalho et al., 2005), VarGer (Variance of Germination Time) (Labouriau, 1983),
Unc (Germination Uncertainty) (Labouriau and Valadares, 1976) and Sinc (Germination
Synchrony) (Labouriau and Valadares, 1976) which take into account the homogeneity of

germination and UnifG (Germination Uniformity Index) (Castan et al., 2018; Sako et al., 2001).

2.5. Biometrics parameters
2.5.1. Plant height

Plant height was measured with a manual measuring tape and was made between the soil
surface and the curvature of the last expanded leaf of each pot in each treatment (Araujo et al.,
2011; Silva et al., 2020). The measurements were taken weekly, from the 16" day to the 106%

day of the experiment.
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2.5.2. Specific leaf area determination

The specific leaf area (SLA) is the ratio between leaf area to the dry leaf mass (Fleck et al.,
2016). For this, the leaves of 10 tillers cut close to the soil surface of the pots were collected at
the end of the experiment. Sampling was performed in 5 pots of each treatment. Leaf area was
measured using an Area Meter LI-3100C (LI-COR® Biosciences). Subsequently, the leaves
were dried in an oven at 65 °C for 72 hours until they reached constant weight to determine the

weight of dry plant material. The SLA was estimated per g/cm?” (Fleck et al., 2016).

2.5.3. Tillers count and weight of fresh and dried plant material

To determine the number of tillers, all 5-pot tillers of each treatment were collected and
counted at the end of the experiment. For the weight of fresh plant material and weight of dried
plant material, the plants were cut close to the soil surface of the pots at the end of the
experimental period and bagged. Leaves, culms and inflorescences were separated for
individual weighing of each fresh material. Subsequently, the samples were dried in a forced
air oven at 65 °C until they reached constant weight to determine the weight of dried plant

material of leaves, culms and inflorescences.

2.6. Photosynthetic pigment content

To estimate the levels of photosynthetic pigments, leaf squares of 0.25 cm? were collected.
Two leaves per pot were used to collect two leaf squares per leaf and samplings were performed
in 5 pots for each treatment, totaling 30 samples in total. The samples were incubated at room
temperature for 24 h in 7 ml of dimethyl sulfoxide (DMSO) in flasks covered with aluminum
foil. The samples absorbance was determined using the Thermo Scientific ™ Multiskan ™ GO
Microplate Spectrophotometer equipment. For this, the following wavelengths were used: 665
nm (chlorophyll a), 649 nm (chlorophyll ») and 480 nm (carotenoids) and the pigment

concentrations per area (ug/cm?) were calculated according to Wellburn (1994).

2.7. Gas exchange

Gas exchange analysis: CO» net photosynthetic assimilation rate (A, umol (CO2) m?s 1),
stomatal conductance (g;, mol (H20) m?s™), transpiratory rate (E, mmol m? s), ratio of
internal and external concentration of CO, (Ci/Ca, umol (CO;) m™?s™) and carboxylation
efficiency estimation of the Rubisco enzyme (A/Ci, umol (CO,) m?s™!) were performed with

the aid of a Infrared gases, model LI-6400XT (LI-COR®, Lincoln, USA) equipped with blue /
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red source model LI-6400-02B (LI-COR®). Gas exchange readings were taken on fully
expanded second node, 5-pot leaf in all treatments. The measurements were performed between

8:00 and 12:00 a.m., with light intensity of 1500 umol m?s.

2.8. Anatomical and histochemical analyzes

Samples from the middle region of fully expanded second node leaves and root apexes (that
have been washed) of B. decumbens were collected at the end of experiment and fixed in 2.5 %
Glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2) and in Neutral Buffered Formalin -
NBF (formaldehyde solution (37 %), dibasic sodium phosphate heptahydrate, monobasic
sodium phosphate monohydrate and distilled water) (Clark, 1981), followed by dehydration in
an ethyl series. Subsequently, the samples were included in methacrylate (Historesin, Leica
Instruments®, Heidelberg, Germany), sectioned at 5 pm thick, (leaves were sectioned
transversely and roots were sectioned longitudinally) in a rotating microtome of automatic
advance (model RM2155, Leica Microsystems® Inc., Deerfield, USA), using glass razors. After
the microtomy, part of the slides with anatomical cuts were stained with toluidine blue (O’Brien
et al., 1964) and part was used for the following histochemical tests: Reaction with periodic acid
- Schiff (PAS) with adequate control, for detection of total polysaccharides (McManus, 1948)
and Xylidine ponceau (XP) 1 % (pH 2.5) (Vidal, 1970), for total proteins. Samples of leaves
fixed in NBF were sectioned transversely in a table microtome (model LPC, Rolemberg and
Bhering Comércio e Importagao LTDA, Belo Horizonte, Brazil) for the following histochemical
tests: Sudan Black B (O’Brien and McCully, 1981), for lipids and Ferric chloride (Johansen,
1940) for total phenolic compounds. Slides were mounted on synthetic resin (Permount®, Fisher
Scientific®, Pittsburgh, USA) and in water. The observations and the recording of the images
were made in a photomicroscope (model AX70TRF, Olympus Optical®, Tokyo, Japan)
equipped with the image capture system (model AxioVision Release® 4.8.1, Carl Zeiss Vision®

GmbH, Germany).

2.9. Plant root system architecture and mycorrhizal colonization analysis

The root system architecture was determined with roots that were sampled, washed and
photographed with digital camera at the end of the experimental period.

For the mycorrhizal colonization analysis, part of the B. decumbens roots collected for
anatomical analysis were used. From these roots, about 1 g of fine roots of approximately 2 mm

were collected and broken up into 1 to 2 cm pieces. The samples were cleared with a 10 % KOH
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solution (w/v) for 24 hours, then the KOH solution was drained, and the roots were washed.
The samples were placed in 2 % HCI (v/v) solution for 10 minutes, after this procedure, the HCI
was drained from the samples and these were placed in Trypan blue in 0.05 % lactoglycerol
(w/v) and heated to approximately 70°C for 30 minutes. After reaching room temperature, the
samples were transferred to a lactoglycerol solution (Phillips and Hayman, 1970). Roots were

mounted on slides for observation in the same photomicroscope of anatomical analyzes.

2.10. Statistical analysis

The statistical program RStudio version 1.2.1335 was used in all analyzes (RStudio, 2019).
In greenhouse experiment, the experimental unit was a pot containing B. decumbens plants. To
assess the effect of soil type on B. decumbens, we applied Analysis of variance (ANOVA) from
package "easyanova" (Arnhold, 2013) followed by the post-hoc Tukey test at 5 % probability
for data with normal distribution. For data whose distribution was not normal we used Kruskal-
Wallis test from the package "agricolae" (Mendiburu, 2019), followed by the post-hoc Nemenyi
test. Data normality was analyzed by Shapiro-Wilk test, along with exploratory qqPlot analyzes
and homogeneity of variances were tested by Levene's test from package "car" (Fox and
Weisberg, 2019). Soil attributes data were summarized by principal component analysis (PCA)
from package FactoMineR' (L& et al., 2008), for this, data were standardized and Pearson
correlation was calculated. Seed germination tests were calculated using the SeedCalc package
(Silva et al., 2018). In analyzing the effect of time on plant height it was observed that the data
followed a sigmoid pattern, and therefore we perform a nonlinear mixed regression with vase
as a random effect, using the package "nlme" (Pinheiro et al., 2019). We got the initial
parameters of asymptote (asym), inflection point of x-value (xmid), and angular coefficient of
the tangent at point of inflection (scal) using the function “SSlogis”, from package ‘stats’ (R

Core Team, 2020).

3. RESULTS

3.1. Soil fertility analysis

It was observed that Ref, Ref/Tec and Tec are acidic soils with pH ranging from 4.57 - 5.09
and have low fertility (low P, Ca, Mg, B, sum of exchangeable bases (SB), effective CEC (t)
and base saturation (V)) (Table 1). One factor that differentiates Ref and Ref/Tec from Tec is
the low content of organic matter (OM) and Zn in Tec. Ref has more available AP** and the

exchangeable acidity (H + Al) is high in this soil, along with Cu and Zn levels.
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The soil fertility analyzes carried out before the experiment (B.E.) showed that zinc content
in Ref was 84.7 % higher than in Tec and 52.9 % higher than in Ref/Tec, whereas Ref/Tec
contained 67.5 % more Zn than Tec. The same was observed for OM content in soils before the
experiment. The OM content in Ref was 72.2 % higher than in Tec and 30.8 % higher than in
Ref/Tec, whereas Ref/Tec presented 59.8 % more OM than Tec (Table 1).

For available iron and manganese, it was observed that the three soil types presented high
levels of these elements but the iron content in Ref was about nine times higher than in Tec.
The CEC at pH 7.0 (T) and the aluminum saturation (m) in Ref were higher than in Ref/Tec and
Tec and the S content in all soils was considered adequate. For Cr, Ni, Cd and Pb content was
observer low values of this elements in the three soil types (Table 1). Regarding the soil physical
attributes (Table 2), it was observed that Ref has more coarse sand. Clay contents were higher
in Ref/Tec and Tec and in Tec, more fine sand and silt were observed. The three soil types are
clayey (type 3).

The principal component analysis (PCA) of soil attributes before the experiment showed that
the two principal components explained 86.4 % of the total dataset variability (Figure 3A). The
first axis was positively correlated with Cu, T, H+Al, OM, Pb, Coarse sand, Zn, Fe, t, Rem-P,
A**, Ni, B and Cr and was negatively correlated with Fine sand, pH, Clay, Silt and S. The K
content was highly correlated with both PCA1 and PCA2. The second axis was positively
correlated with V, Ca, SB, Mg, P and Mn and was negatively correlated with m. The PCA of
soil attributes in the soil collected after the experiment showed that the two principal
components explained 72.7 % of the total dataset variability (Figure 3B). The first axis was
positively correlated with T, H+Al, N, Cu, OM, Fe, Pb, AI**, m, t, Zn, Ni, Rem-P and Mg and
was negatively correlated with V, pH and Mn. The Mg content was highly correlated with both
PCA1 and PCAZ2. The second axis was positively correlated with SB, Ca, K, S, V and B.

3.2. Foliar chemical analysis

In the chemical analysis of leaves, low levels of N, P, and Cu were observed in plants
cultivated in all tested soils (Table 3). Adequate levels of K, Ca, Mg, S, Mn, B and Al were
observed in the three treatments. It is worth noting that although Mg levels are adequate, it is
possible to observe that the content of this element in leaves of plants grown in Ref was 1.7
times higher than in plants grown in Ref/Tec and Tec (Kruskal-Wallis p-value < 0.001). For
leaf Fe levels, it was possible to observe adequate levels only in plants grown in Ref. The plants

grown in Ref/Tec and Tec showed levels above that recommended. For the levels of Mn and
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leaf B, it is possible to observe that the plants grown in Tec showed higher leaf concentrations
of these elements compared to the plants grown in Ref and Ref/Tec but the leaf levels of these
two elements in all treatments are within the range of adequate mineral sufficiency for B.
decumbens. For Zn, adequate levels of this element were found only in the leaves of plants
grown in Ref, with significant low levels of this element in Ref/Tec and Tec (p-value < 0.001).
No significant leaf levels of Ni, Pb, Cd and Cr were detected in B. decumbens (Table 3).

The PCA of foliar chemical analysis showed that the two principal components explained
55.2 % of total dataset variability (Figure 4). The first axis was positively correlated with Mg,
Cu, Zn, N, S, P and was negatively correlated with Mn, Fe and Al. The second axis was

positively correlated with B, Ca, K, Cu, Fe and Mn.

3.3. Germination tests

The seed germination tests showed statistical differences only in T10, MGT, MGR and CVG
(Table 4), the ANOV A was statistically significant between treatments (p-value < 0.05). At T10
of seeds planted in Tec was observed a value 33.3 % higher than in Ref/Tec and the MGT in
Tec was more than 20 % higher than Ref and Ref/Tec. However, the MGR and CVG in Ref and
Ref/Tec showed that seeds germination was more than 20 % faster than in Tec (Table 4). For
FGP, GSI, T50, T90, UnifG, VarGer, CVt, Sinc and Unc it was observed no difference (Table
4).

3.4. Biometrics parameters

3.4.1. Plant height

For B. decumbens height, it was observed that plants grown in Ref had better performance
compared to plants grown in Tec and plants grown in Ref/Tec had a medium development
(Figure 5). At the end of the experiment plants grown in Ref presented inflorescences, showing
that these plants were in different phenological stage than those grown in Ref/Tec and Tec
(Figure 6C).

The asym values by the nonlinear model (nlm) show the predicted maximum height of B.
decumbens cultivated in all soil types (Table 5). It is possible to observe that the height of plants
grown in Ref were approximately 40 % higher than plants grown in Tec and approximately 22
% higher than plants grown in Ref/Tec. The height values of plants grown in Ref/Tec were
approximately 20 % higher than in plants grown in Tec. In addition, the height of B. decumbens
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in Tec decrease before the height of plants grown in Ref and Ref/Tec, as can be seen by the

inflection points (Table 5).

3.4.2. Specific leaf area

Regarding the specific leaf area (SLA), it was observed that plants grown in Ref had an 8.4
% higher SLA than plants grown in Ref/Tec and 5 % higher than plants grown in Tec (Figure
7A). Kruskal-Wallis statistical test did not show differences between Ref/Tec and Tec
treatments, but in comparison between Ref/Tec and Tec with Ref, differences were observed

(p-value = 0.001).

3.4.3. Number of tillers
Plants grown in Ref developed almost twice tillers than plants grown in Tec (p-value = 0.001;

Figure 7B).

3.4.4. Weight of fresh and dry plant material

For the weight of fresh and dry plant material it was observed that plants cultivated in Ref
presented the highest values, plants cultivated in Ref/Tec presented median values and plants
cultivated in Tec presented the lowest values (Figure 8). Kruskal-Wallis statistical test showed
significant statistical differences between treatments (p-value = 0.001). It is possible to evidence
that plants grown in Ref reached the reproductive phase with the development of inflorescences,
a fact that was not observed in plants cultivated in Ref/Tec and Tec. A clear example of the best
performance in the production of plant material from plants grown in Ref was the weight of
leaves and culms. It was observed that in these plants the weight of fresh and dry plant material
was higher than in plants grown in Tec. Plants grown in Ref had leaf weight (fresh and dry)
seven times greater than plants grown in Tec and had culm weight (fresh and dry) more than

ten times greater than plants grown in Tec.

3.5. Photosynthetic pigment content

It is possible to observe that the levels of chlorophyll a and b in plants grown in Ref were
higher than the levels found in plants grown in Ref/Tec and Tec (Figure 9A —9B). The contents
of chlorophyll a were significantly different from each other (p-value < 0.01) and shows that
the content of this pigment in plants grown in Ref was 47.6 % higher than in plants grown in

Tec and 34.9 % higher than in plants grown in Ref/Tec (Figure 9A). The chlorophyll a content
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in plants grown in Ref/Tec was 19.5 % higher than that of plants grown in Tec (Figure 9A). For
chlorophyll b it is possible to observe that the content of this pigment in plants grown in Ref
was significantly different from the values found in Ref/Tec and Tec (p-value < 0.01), with the
content of this pigment in plants grown in Ref approximately 50 % higher than in plants grown
in Ref/Tec and Tec (Figure 9B). For the levels of carotenoids, the values found in plants grown
in Ref and Ref/Tec were statistically equal to each other and different from plants grown in Tec
(p-value < 0.01), and the content of this pigment in the plants grown in Ref and Ref/Tec was
approximately 30 % higher than in plants grown in Tec (Figure 9C). The ratio between
chlorophyll a and b did not differ statistically between the three types of treatments (p-value >
0.05) (Figure 9D).

3.6. Gas exchange

The results of gas exchange showed that the net photosynthetic assimilation rate (A) of plants
grown in Ref was more than 50 % higher than in plants grown in Tec (Figure 10A). A similar
pattern was observed for stomatal conductance (gs) and transpiratory rate (E) (Figure 10B -
10C). It was registered in plants grown in Ref/Tec greater A, g; and E than in plants grown in
Tec. The ratio of internal and external concentration of CO» (Ci/Ca) of plants grown in Tec was
approximately 20 % higher than values found in plants grown in Ref (Figure 10D). The
estimation of the carboxylation efficiency of the rubisco enzyme (A/Ci) of plants grown in Ref
was more than 30 % higher than that of plants grown in Ref/Tec and more than 60 % higher
than that of plants grown in Tec (Figure 10E). Kruskal-Wallis statistical test showed significant
statistical differences between the three treatments for all gas exchange parameters analyzed (p-

value < 0.01).

3.7. Leaf anatomical characterization and histochemical analysis

Anatomical analyzes of B. decumbens leaves grown in Ref, Ref/Tec and Tec revealed the
typical structure of leaves that show the Cs photosynthetic metabolism, with the ordered
arrangement of mesophyll cells around of the bundle sheath. The mesophyll and bundle sheath
form concentric layers around the vascular bundle (Kranz anatomy) (Figure 11A — 11D).
Anatomical differences were observed in the shape of plant cells grown in Ref, Ref/Tec and
Tec. The cells of mesophyll and bundle sheath of plants grown in Ref, are rounded, presenting
a healthy aspect (Figure 11A). The cells of plants grown in Ref/Tec and Tec have a flaccid

appearance, with deformed cells and exhibiting sinuous and angular walls (Figure 11B - 11C).
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In the histochemical analysis, the test with periodic acid - Schiff (PAS) the total
polysaccharides are stained with magenta and it’s possible to observe the centrifugal orientation
of chloroplasts with accumulation of transitory starch in the vascular bundle sheath and
mesophyll cells that reacted positively to this test (Figure 12A - 12C). The difference between
leaves of plants grown in Ref, Ref/Tec and Tec is evident. Chloroplasts with transitory starch
accumulation are more evident in vascular bundle sheath cells of plants grown in Ref than in
bundle sheath cells of plants grown in Ref/Tec and Tec (Figure 12A - 12C).

For Xylidine ponceau test, orange-stained proteins were observed in the same position as the
chloroplasts, in the mesophyll and in stomata (Figure 12D - 12F). The presence of proteins in
bundle sheaths chloroplasts, mesophyll and stomata was more evident in plants grown in Ref
than in other treatments (Figure 12D). It is possible to observe that the presence of proteins in
bundle sheath chloroplasts of plants grown in Ref/Tec was more evident than in plants grown
in Tec (Figure 12E - 12F).

For Sudan Black B test, blue to black stained lipids were observed in bundle sheath
chloroplasts and mesophyll (Figure 12G - 12I). It is possible to observe that lipids were more
evident in bundle sheath chloroplasts of plants grown in Ref than in bundle sheath cells of plants
grown in Ref/Tec and Tec (Figure 12H - 12I).

For the ferric chloride test, it was observed that the phenolic compounds were stained brown
to black in sclerenchyma cell walls and in chloroplasts of bundle sheath cells (Figure 12K -

12L). No differences were observed for this test between treatments.

3.8. Plant root system architecture, anatomy and mycorrhizal colonization

The root system architecture showed that there was a mischaracterization in fasciculate
structure of plant roots grown in Tec (Figure 13), in addition, these roots had fewer branches
and visually presented less thickness than roots of plants grown in Ref and Ref/Tec. The color
was a differential factor between roots. The roots of plants grown in Tec have a darker color
and roots of plants grown in Ref and Ref/Tec showed lighter colors and similar root
architectures (Figure 13).

In the anatomical analyzes of roots and the root tissue colonization by mycorrhizae, it was
possible to observe in plants grown in Ref, mycorrhizal association evidenced by the large
number of septate hyphae and microsclerotia of the dark septate endophytic fungi (DSEF)

(Figure 14A - 14F). Nematodes were observed in these roots (not shown).
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In roots of plants grown in Ref/Tec (Figure 14G - 14K), mycorrhizal associations were
observed with the presence arbuscular mycorrhizal fungi (AMFs) within cells, septate fungi
hyphae, DSEF microsclerotia and the presence of nematodes in the process of elimination by
cell digestion. It is possible to observe cells with cellular content for the nematode degradation
(Figure 14H and Figure 14K).

In plants grown in Tec (Figure 14L - 14N), roots with thin cell walls and presence of
nematodes were observed, some of which are being eliminated by cell digestion activities. In
Figure 14N it is possible to see a cord of cells with cellular content for digestion and remains of

the parasite. No mycorrhizal associations were observed in the roots of plants grown in this soil.

4. DISCUSSION

Iron mining tailings Technosols from Fundao ruptured dam are acids, extremely poor in
nutrients and organic matter and some studies show that mining tailings have low fertility as
well as the mining tailings dumped in Rio Doce basin (Forjan et al., 2019; Juwarkar et al., 2009;
Wang et al., 2017; Young et al., 2015) and can form a barrier of hundreds of years for the
colonization and establishment of plants in this soils (Mendez and Maier, 2008).

The fact that B. decumbens is one of the most common plants occurring on IMTT shows that
grasses tolerate and adapt to environments whose edaphic conditions are unfavorable (Shu et
al., 2005) but the IMTT launched in Rio Doce basin is so inhospitable for plants that even B.
decumbens species that tolerates acidic, low-fertility soils with high concentrations of Al
(Crispim et al., 2003; Rao et al., 1996) has had its development impaired. Other plants that do
not have the adaptive capacity of B. decumbens would have difficulty establishing in these
environments.

Even with two recent catastrophic disasters involving rupture of mining dams in the country
(Fundao dam rupture in Mariana, Minas Gerais in 2015 and rupture of the B1 dam in Cérrego
do Feijao mine complex in Brumadinho, Minas Gerais in 2019), the Sistema Brasileiro de
Classificacdo de Solos (Brazilian Soil Classification System) - SiIBCS 2018 does not have a
classification for mining tailings (Ruiz et al., 2020). Tec is classified as a Technosol due to its
anthropogenic origin since this type of soil is characterized by the presence of artefacts and
technic hard material, originated from the modifications that humans make to the soil (IUSS
Working Group WRB, 2015; Schad, 2018).

Instead of contamination, the Funddo dam rupture spread thousands of kilometers of a

degraded, depleted and infertile soil, which can be very damaging, as changes in soil quality
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can be problematic for the provision of ecosystem services for nutrient cycling, water infiltration
and retention in soil, native and agricultural plant production, causing alterations in
environmental quality (FAO and ITPS, 2015; Schroder et al., 2016).

Regarding the Argisol used as reference soil (Ref) in the experiment, the low fertility of this
soil was observed but with higher levels of organic matter and zinc than in the Technosol with
a thick deposition of iron mining tailings (Tec) and in the mixture of the two soil types
(Ref/Tec). According to the Sistema Brasileiro de Classificagdo de Solos (Brazilian Soil
Classification System) - SiBCS, 2018, Argisols are the second most abundant soil type in the
country falling behind only oxisols, they are present in 24 % of the territorial surface, being
found in all Brazilian regions and are characterized due to the high degree of weathering, depth,
acidity, low natural fertility and with saturation of aluminum in some cases.

The organic matter content in soils considered ideal is in the range between 4.01 and 7.0
dag/kg and above of this value (Neto and Costa, 2012). In Ref and in Ref/Tec the content found
was considered average, between 2.01 - 4.0 dag/kg (Neto and Costa, 2012), but it was
responsible for the better development of the plants cultivated in these soils in comparison with
plants grown in Tec. The mixture of Argisol with iron mining tailings Technosols (Ref/Tec) in
equal proportions proved to be a method that provides a significant improvement in organic
matter contents, improving the tailings quality.

Low levels of organic matter were observed in Tec (value between 0.71 and 2.0 dag/kg) (Neto
and Costa, 2012) and this finding is worrisome when we talk about the ability to recover
environments affected by disturbances like what happened in Rio Doce basin, since the organic
matter in soils is important for processes to recover soil quality (Nieder and Benbi, 2008).

Organic matter provides energy that is fundamental to the biological processes of living
beings in the soil, being a fundamental attribute for environmental quality since it increases the
cation exchange capacity of soils, improves structural quality and reduces soil erosion, it is
essential for nutrient cycling when it is mineralized and nutrients become available as well as
being important for the nutrition of the soil microbiota (Bot and Benites, 2005; Nieder and
Benbi, 2008).

Due the low organic matter content in the iron mining tailings Technosols spilled in Rio Doce,
Machado et al. (2019) and Figueiredo et al. (2020) recommend the possibility of using this soil
in civil construction as a non-structural cementitious product and for making blocks.

Regarding seed germination, it was observed that the seeds planted in Tec took longer to

germinate, a fact due to the low content of organic matter in this soil, since it is responsible for
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water retention in soil that will be absorbed by the seeds in the process known as imbibition,
activating several metabolic processes indispensable for the germination process (Bewley et al.,
2013; Mondo et al., 2012; Onemli, 2011).

Zinc is an essential micronutrient for plants which available form for absorption by plants is
the Zn** cation and the concentration of this element in soil varies between different types of
soil around the world (Barker and Pilbeam, 2007; Broadley et al., 2012; Kabata-Pendias, 2011).
According to Neto and Costa (2012), adequate soil zinc values are those greater than 1.5 mg/dm?
(as the values observed in the Ref and in the Ref/Tec) and values considered low are those less
than 1 mg/dm? (as the values observed in Tec).

For B. decumbens, the appropriate zinc leaf concentration range is between 20 - 50 mg/kg
(Werner et al., 1996) and values below this concentration can promote the deficiency symptoms
of this micronutrient in plants as seen more drastically in plants grown in Tec.

Zinc deficiency in plants can interfere with several important biological processes, because
this essential micronutrient is part of the structure of ribosomes and participate in the protein
synthesis process, besides that, more than 300 proteins require the participation of zinc
(Broadley et al., 2012; McCall et al., 2000; Storey, 2006) like zinc metalloproteins related with
DNA replication and transcription and genetic regulation (Storey, 2006).

Zinc is extremely important in processes of detoxification of reactive oxygen species (ROS)
since it is part of the most abundant superoxide dismutase enzyme in plants, CuZn superoxide
dismutase (Broadley et al., 2012) and evidence suggests the participation of this micronutrient
in the expression processes of genes that encode the enzymes ascorbate peroxidase and
glutathione reductase, which act to combat oxidative stress (Cakmak, 2000). Zinc deficiency
can affect leaf growth and plant growth, as this micronutrient is associated with the metabolic
route of auxin (Indole-3-acetic acid - IAA) (Martins et al., 2015).

Regarding the leaf iron content, the adequate levels of this micronutrient in B. decumbens are
between 50 - 250 mg/kg (Werner et al., 1996). The leaf iron content of plants grown in Ref
proved to be adequate, whereas in plants grown in Ref/Tec and Tec levels were observed above
what is recommended for the species. Critical levels of iron that cause toxicity to plants are
above 500 mg/kg as found in plants grown in Tec (Barker and Pilbeam, 2007; Broadley et al.,
2012).

The iron excess in plants causes toxicity through its participation in the Fenton reaction whose
product is the reactive oxygen species (ROS) that cause oxidative damage in biological

membranes, DNA and proteins (Briat et al., 2010; Nikolic and Pavlovic, 2018; Schieber and
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Chandel, 2014). About 90 % of the leaf iron is in chloroplasts and the ROS produced cause
losses in photosynthetic activity (Jeong et al., 2008; Pereira et al., 2013). Although we observed
values that demonstrate leaf iron toxicity in plants grown in Tec, the literature establishes that
the leaf iron levels found in the present study do not pose a risk for animal nutrition whose
maximum tolerable iron limit for cattle nutrition is 1000 mg/kg (National Research Council,
1980).

The fact that plants grown in Tec had high levels of leaf iron can be justified by the low leaf
renewal and lesser leaf development observed in plants grown in that soil, even with the
randomization performed in the selection of samples for the foliar chemical analyzes of the
leaves of plants grown in Tec they were older than the leaves of plants grown in other treatments
that showed greater leaf renewal.

Zinc deficiency and iron toxicity in plants can interfere with the production of photosynthetic
pigments. In zinc deficient plants is common the occurrence of leaf chlorosis due to the decrease
in the production of chlorophyll a and b (Mukhopadhyay et al., 2013; Storey, 2006) and the
oxidative stress induced by iron toxicity can damage chlorophyll biosynthesis reactions (Aarti
et al., 20006).

The photosynthetic impairment observed in B. decumbens grown in Tec occurred due to the
dependence of zinc on C4 photosynthetic metabolism of grasses and by the iron toxicity. Zinc
is part of the structure of the carbonic anhydrase (CA) enzyme located in mesophyll cells whose
function is the conversion of CO> into bicarbonate (HCOs3") that will be combined with
phosphoenolpyruvate in a reaction catalyzed by the enzyme phosphoenolpyruvate carboxylase
(PEPC) to form oxalacetate and subsequently malate or aspartate (depends of the plant species),
a 4-carbon acid that flows into the bundle sheaths where it will be decarboxylated by the NAD-
malic enzyme, releasing CO; that will enter us chloroplasts and will be fixed by Ribulose
bisphosphate carboxylase/oxygenase - RUBISCO in the Calvin-Benson cycle (Broadley et al.,
2012; Taiz et al., 2014). Depending on the species and the degree of zinc deficiency,
photosynthetic assimilation is reduced by between 50 and 70 % and iron toxicity can reduce the
photosynthetic rate by 40 % (Alloway, 2008; Kampfenkel et al., 1995).

Lower values of stomatal conductance and lower rates of transpiration were observed in
plants cultivated in Tec, which indicates a greater number of closed stomata in plants grown in
this soil compared to plants grown in other soil types, being a mechanism that prevents
excessive absorption of iron by plants (Dufey et al., 2009; Pereira et al., 2013). Zinc deficiency

is also related to these symptoms, as this fact contribute to the reduction of stomatal opening as
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zinc can play an important role in the absorption of potassium (K*) by stomatal guard cells, in
addition to contributing to the maintenance of the integrity of the plasma membrane (Broadley
et al., 2012; Khan et al., 2004; Sharma et al., 1995). The deficiency of this micronutrient also
causes a decrease in transpiratory rates and interferes with the water balance of the plants,
compromising the growth and responses of the plants to water stress (Khan et al., 2004).

In some species of algae and plants, the chemical ethoxyzolamide acts by inhibiting carbonic
anhydrase, which tends to decrease the amount of COz: in the active site of Rubisco, favoring
the reaction of this enzyme with O, stimulating photorespiration (Igamberdiev and Roussel,
2012; Riazunnisa et al., 2006; Shiraiwa and Schmid, 1986). Iron toxicity can harm the electron
transport chain, inhibiting the Calvin cycle, decreasing Rubisco's carboxylation rate and
stimulating photorespiration (Kampfenkel et al., 1995). In this work the zinc deficiency and iron
toxicity interferes with photosynthetic metabolism indicating that B. decumbens under the
stresses imposed by the iron mining tailings Technosols were not able to metabolize the carbon,
in addition, this interference in the carbon concentrating mechanism in the active site of Rubisco
in B. decumbens tend to increase the concentration of O in the active site of Rubisco, favoring
photorespiration and partial loss of fixed carbon, being responsible for the lesser development
of the leaf area, tiller development and biomass production.

Few anatomical alterations were observed in plants grown in Ref/Tec and Tec, while
histochemical tests showed that in the vascular bundle sheath, chloroplasts with accumulation
of transitory starch, proteins and lipids in leaves of B. decumbens grown in Ref/Tec e Tec, were
less evident, previously justified by the impairment of carbohydrate metabolism in plants,
caused by zinc deficiency and iron toxicity.

It is estimated that 70 % of the leaf protein is located in the chloroplasts, being largely
represented by Rubisco and the proteins that form the thylakoid membranes light-harvesting
complex (Buchanan-Wollaston, 2003) and a low protein accumulation was observed in Tec-
grown plants. Rubisco is probably one of the most abundant proteins on earth along with actin
(Ellis, 1979; Raven, 2013) and its decrease in an ecosystem can have serious consequences for
the primary productivity of an ecosystem like the Rio Doce basin.

Chloroplasts and endoplasmic reticulum are responsible for the synthesis of fatty acids in
plants (Boudiere et al., 2014; Holzl and Dormann, 2019; Rawsthorne, 2002). Membrane
glycerolipids are important in the stabilization of PSII photosynthetic proteins (Boudiere et al.,
2014; Holzl and Doérmann, 2019) and plants grown in Ref/Tec and Tec had their carbohydrate

metabolism impaired by alterations in chloroplasts evidenced in the histochemical tests by
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alterations in the accumulation of lipids, starch and proteins. The role of lipids in plants is not
only linked to the constitution of membranes but also to the signaling role of these substances
in response to environmental stresses by activating defense mechanisms of plants and acting to
alleviate the intensity of the stressor (Okazaki and Saito, 2014). Epicuticular wax, cutin and
suberin are derived from lipids and make up an important a physical barrier protecting plants
from environmental stresses decreasing water loss to the environment and controlling the flow
of gases entering and leaving plants (Okazaki and Saito, 2014; Pollard et al., 2008) thus, plants
grown in Tec would be less adept at responding to lipid-mediated environmental stresses.

According to Rao et al. (1996), one of the adaptive characteristics of B. decumbens to acidic
and nutrient-poor soils is the maintenance of root growth at the expense of the aerial part growth
and the development of several root branches for the Ca requirement. The roots of plants grown
in Tec showed just the opposite of that, showing how inhospitable for plants can be these iron
mining tailings Technosols.

Dark septate endophytic fungi (DSEF) are part of a large and widely distributed polyphyletic
group of fungi that maintain intracellular association with plant roots and whose ecological role
is not yet fully understood (He et al., 2019; Jumpponen and Trappe, 1998; Piercey et al., 2004).
According to Jumpponen and Trappe 1998, it is estimated that there is the occurrence of DSEF
in about 600 plant species, 320 genera and 100 families.

Morphologically these fungi are characterized by the presence of septate hyphae of black
pigmentation thanks to the presence of melanin in these structures (Jumpponen and Trappe,
1998; Piercey et al., 2004) and can act in helping to absorb soil macro-and micronutrients,
producing phytohormones gibberellins (GAs), indoleacetic acid (IAA) and volatile organic
compounds that can stimulate plant growth (Berthelot et al., 2016; He et al., 2019; Vergara et
al., 2019; Wagqas et al., 2012). DSEF can act facilitating the growth of plants in stressful places,
favoring the tolerance of plants to these environments and protecting the roots against pathogens
(Reininger and Sieber, 2012; Waqas et al., 2012).

Arbuscular mycorrhizal fungi (AMF) belong to the phylum Glomeromycota and are
characterized by the filamentous structures called arbuscules that form within root cells
(Schiipler et al., 2001; Winagraski et al., 2019). These endomycorrhizal fungi establish
symbiotic relationships with plants, benefiting from the carbohydrates produced by plant
photosynthesis and providing the plant with nutrients absorbed from soil (Winagraski et al.,
2019). According to estimates, between 80 and 90 % of terrestrial plants are colonized by AMF
(Schiipler et al., 2001; Smith and Read, 2008).

28



AMFs offer important ecological services, being considered natural biofertilizers since they
promote an increase in absorption of mineral nutrients and water, with a consequent
improvement in plant productivity, help in tolerating environmental stresses and in protecting
against pathogens (Begum et al., 2019; Bencherif et al., 2019; Berruti et al., 2016; Chen et al.,
2018; Ingraffia et al., 2019; Liao et al., 2018; Rouphael et al., 2015).

The DSEF and AMF can degrade organic matter as well as P and N compounds in the soil,
helping plant growth (Hodge et al., 2001; Hodge and Fitter, 2010; Surono and Narisawa, 2017).
In Tec, the activity of these fungi was not observed in our analyzes due to the low content of
organic matter in this soil, which was reflected in the low plant development and in the lesser
capacity to deal with the attack of parasites. In a study conducted in the Rio Doce basin, Prado
et al. (2019) showed that the process of revegetation of areas affected by iron mining tailings
Technosols tends to increase the diversity of arbuscular mycorrhizal fungi (AMF) in these soils,

being a promising tool for future recovery programs in affected areas by this impact.

5. CONCLUSION

Our work demonstrated how the iron mining tailings Technosols from Fundao iron ore dam
collapse is poor in zinc, organic matter and causes iron toxicity in B. decumbens, compromising
the ecophysiology, morphoanatomy and symbiotic relationships with mycorrhizal fungi of a
species well adapted to stressful environments but that resisted the inhospitable conditions
offered by iron mining tailings Technosols precisely because it has a high adaptive capacity.
The mixture of unaffected soil by iron mining tailings with Technosol with a thick deposition
of iron mining tailings (Ref/Tec) promoted an improvement in the quality of this tailings, being
recommended as an suitable approach to be used in areas were Technosols with iron mining
tailings are formed, representing an important step towards a rapid recovery of Technosols, for

agricultural, pasture production and for environmental restoration.
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Figure 1: Soil sampling area. A and B — Localization of Gesteira district in Barra Longa, Minas Gerais, Brazil

about 2 and a half years before the Fundao dam rupture (aerial image of July 5, 2013). C - Gesteira about 10 months

after dam rupture showing pasture area affected by mining tailings and unaffected pasture area (aerial image of

September 8, 2016). D - Places where soil was collected for the experiment (aerial image of August 25, 2017).

Aerial images from Google Earth Pro 7.3.2 version.
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Figure 2: Greenhouse experiment. A - Ref (red yellow Argisol unaffected by iron mining tailings) and Tec
(Technosol with a thick deposition of iron mining tailings). B - Ref/Tec (Mixture of 50 % Ref plus 50 % Tec). C -

Treatments and repetitions of the experiment.
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Table 1. Descriptive statistics of chemical soil attributes in Ref, Ref/Tec and Tec. Significant differences (p < 0.05) are shown in bold

Soil Parameter Ref Ref/Tec p-value
B.E. A.E. B.E. A.E. B.E. A E. B.E. A E.
pH H.0 4.57£0.03 B 4.8240.05¢ 4.74+0.004 A 4.940.05b 4.7240.05 A 5.09+0.04 a 0.0001 3.09x10%8
Rem-P (mg/1) ™23.3+0.61 A ™22.87+0.86 a N21.8+0.2 AB N)22.48+0.92 a ™15.9+0.94 B M19+1.47 b 0.007 0.001
P (mg/dm?3) 1.76+0.04 AB 2.1£0.32 a 1.9+0.14 A 1.94+0.21 a 1.6+0.14 B 2.25+0.32 a 0.01 0.15
K (mg/dm3) ™51.3+1.69AB 33.2+5.34 ab N68+4.32 A 41+5.16 a ™16.3+2.62 B 30.7£10.35b 0.007 0.04
Ca (cmolc/dm?) ™0.32+0.03 AB 0.86+0.18 a ™0.49+0.01 A 0.89+0.21 a ™0.22+0 B 0.77£0.2 a 0.006 0.53
Mg (cmol/dm3) 0.12+0.004 B 0.25+0.05 a 0.2+0.01 A 0.26+0.02 a 0.04+0.009 C 0.17+£0.03 b 9.84x10% 0.0002
S (mg/dm?) 10.3x0.2C 21.32+6.56 b 19.06+0.7 B 36.67+£6.42 a 30.5¢1.71 A 29.3+7.6 ab 2.97x10°” 0.002
B (mg/dm?3) 0.22+0.03 A ®0.02+0 a 0.07£0.02 B ™0.04+0.07 a 0.07£0.03 B ™0.04+0.07 a 8.51x10% 0.58
Cu (mg/dm3) 3.49+0.23 A ™2.47+0.18 a 2.16+0.11 B M1.71£0.15 ab 0.87+£0.05 C ™0.89+0.07 b 6.59x10°” 0.0001
Mn (mg/dm3) 45.5£6.97 B 35.78+2.84 ¢ 77+18.45 A 45.81+4.99 b 65.5+3.78 AB 56.9+5.7 a 0.01 5.19x10"
Fe (mg/dm?3) 780.4£149.2 A M248.65+28.9 a 350.2+132 B MN158.9+41 ab 85.6+12.5C MN49.6+6.3 b 4.65x10% 0.0001
Zn (mg/dm?3) 4124071 A 2.51+0.36 a 1.94+0.13 B 1.1740.18 b 0.63+0.07 C 0.95+£0.45 b 3.22x10-% 2.3x10"
Cr (mg/dm?3) ™0.16+0.11 A 0.18+0.07 a ™0.09+0.13 A 0.05+£0.03 b MNo+0 A 0.11+0.08 ab 0.1 0.009
Ni (mg/dm?3) 0.49+0.16 A ™0.44+0.22 a 0.1+0.12 B ™0.06+0.1 b 0.07+£0.06 B MN0+0 b 0.001 0.0004
Cd (mg/dm3) ®0.006+0.009 A ®0.02+0.05 a MN0+0 A MN0+0 a MNo+0 A MO0 a 0.11 0.12
Pb (mg/dm?3) 3.58+0.18 A 2.98+0.18 a 2.9+0.11 B 2.5+0.12b 1.71£0.14 C 1.7240.25 ¢ 8.2x10%8 2.55x10"
AP* (cmol/dm?) ™0.78+0.04 A ™0.59+0.11 a ™0.27+0 B ™0.24+0.05 ab ™0.31+0.03 AB ™0.05+0.09 b 0.008 0.0001
H+Al (cmol/dm?) 4.73+0.18 A ™5.440.28 a 3.26+0.12 B MN)3.8+0.1 ab 2.46+0.2 C MN2.3240.24 b 7.12x10% 0.0001
OM (dag/kg) 2.95+£0.26 A 3.02+0.29 a 2.04+0.22 B 1.84+0.11b 0.82+0.06 C 0.65+0.32 ¢ 4.56x10" 7.37x10°12
SB (cmolc/dm3) 0.58+0.04 B 1.2240.22 a 0.87£0.03 A 1.28+0.23 a 0.31£0.01 C 1.03£0.24 a 8.08x10" 0.153
t (cmole/dm3) 1.36+£0.08 A 1.82+0.14 a 1.14+0.03 B 1.52+0.21 b 0.5+0.12 C 1.09+0.22 ¢ 1.2x10% 7.76x10°%
T (cmol/dm3) 5.31+0.2 A 6.62+0.23 a 4.14+0.12 B 5.08+0.22 b 2.740.2 C 3.36+0.3 ¢ 4.09x10% 2.44x10°14
V (%) ™10.9+£0.71 B 18.5+£3.37b MN21.1£1.06 A 25.1£3.57 a MN11.2+0.8 AB 30.6+£5.75 a 0.02 0.0002
m (%) M™57.3+£0.61 A 33.05+8.25 a MN23.6+0.73 B 16.52+4.43 b ™N40.9+12.7 AB 4.97+8.49 ¢ 0.01 4.73x10%




B. E.: Before the experiment, A. E.: After the experiment, pH: H20 (relation 1:2,5), P: phosphorus; K: potassium; Fe: iron; Zn: zinc; Mn: manganese; Cu: copper; Cd: cadmium; Pb: lead; Ni:
nickel; Cr: chrome (Mehlich extractor 1); Ca: calcium; Mg: magnesium; Al** (KCI extractor 1 mol/L); H + Al: acidity potential (calcium acetate extractor 0,5 mol/L pH 7,0); SB: sum of
exchangeable bases; t: effective cation exchange capacity; T: cation exchange capacity at pH 7.0; V: base saturation; Rem-P: Remaining P; m: aluminum saturation; OM: organic matter.
Mean+SD followed by capital letters compare the B. E. values. Mean+SD followed by small letters compare the A. E. values. Means followed by the same letter do not differ statistically from

each other at 5 % of probability by the Tukey test. ®Means followed by the same letter do not differ statistically from each other at 5 % of probability by the Nemenyi test.
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Table 2. Descriptive statistics of physical soil attributes in Ref, Ref/Tec and Tec. Significant differences (p < 0.05) are

shown in bold

Soil Parameter Ref Ref/Tec Tec p-value
Coarse sand 0.37£0.01 A 0.24+0.03 B 0.15+£0.01 C 6.15x10°
Fine sand 0.19+0.01 B 0.19+0.01 B 0.24+0.01 A 0.003
Clay 0.35+£0.004 B 0.41£0.01 A 0.43+£0.03 A 0.0009

Silt 0.07+£0.004 C 0.13+0.007 B 0.1740.02 A 2.6x10%
Texture Sandy clay Clay Clay and Sandy clay -
Soil type 3 3 3 -

Mean+SD followed by the same letter do not differ statistically from each other at 5 % of probability by the Tukey test.
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Figure 3: Principal component analysis (PCA) of soil attributes in Ref, Ref/Tec and Tec. A - Before the experiment.

B - After the experiment. The level of Pearson correlation of each vector was indicated by (cos2).
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Table 3. Descriptive statistics of Brachiaria decumbens leaf chemical analysis in plants grown for 110 days in Ref,

Ref/Tec and Tec. Significant differences (p < 0.05) are shown in bold

Element Ref Ref/Tec Tec p-value
N (dag/kg) 0.88+0.1 a 0.74+0.07 b 0.85+0.1 ab 0.03
P (dag/kg) 0.07+£0.01 a 0.06+0.008 a 0.06+0.01 a 0.62
K (dag/kg) 1.2940.2 b 1.46+0.18 ab 1.69+0.27 a 0.01
Ca (dag/kg) 0.43+0.05 a 0.36+0.04 a 0.43+£0.04 a 0.04
Mg (dag/kg) ™0.31+0.01 a ™0.18+0.01 b ™0.18+0.01 b 0.001
S (dag/kg) 0.09+0.009 a 0.08+0.01 a 0.08+0.01 a 0.3
Cu (mg/kg) 3.12+03 a 2.38+0.23 b 2.82+0.3 a 0.0006
Fe (mg/kg) 131.5£55.6 b 331.01£174.5a 599.6+400.9 a 0.002
Zn (mg/kg) 22.5+45a 8.65+1.67 ¢ 14.24+5.16 b 2.21x10%
Mn (mg/kg) 125.4+45.05 b 171.21+49.3 b 239.26+499 a 0.001
B (mg/kg) M™11.08+1.44 b N13.8443.72 b N)25.3247.84 a 0.001
Al (mg/kg) M55.5+28.58 b N214.79+122.65 a MN)236.30+152.46 a 0.002
Ni (mg/kg) 0 0 0 -
Pb (mg/kg) 0 0 0 -
Cd (mg/kg) 0 0 0 -
Cr (mg/kg) 0 0 0 -

N: Nitrogen, P: phosphorus; K: potassium; Ca: calcium; Mg: magnesium; S: sulfur; Cu: copper; Fe: iron; Zn: zinc; Mn:

manganese; B: boron; Al: Aluminum; Ni: nickel; Pb: lead; Cd: cadmium; Cr: chrome. Mean+SD followed by the same letter

do not differ statistically from each other at 5 % of probability by the Tukey test. ®¥Mean+SD followed by the same letter

do not differ statistically from each other at 5 % of probability by the Nemenyi test.
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Figure 4: Principal component analysis (PCA) of Brachiaria decumbens chemical analysis of leaves in plants

grown for 110 days in Ref, Ref/Tec and Tec. The level of Pearson correlation of each vector was indicated by

(cos2).
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Table 4. Seed germination tests of Brachiaria decumbens planted in Ref, Ref/Tec and Tec. Significant differences (p <

0.05) are shown in bold.

Parameters and indexes Ref Ref/Tec Tec p-value
FGP 58.5+4.7a 61.7¢12.2 a 63.14+3.4 a 0.54
GSI 5.2+0.86 a 6.12+1.53 a 4.5940.84 a 0.06

T10 (days) 3.15+0.46 a 2.66+0.5b 399+l a 0.007
T50 (days) 5.58+1.5a 5.38+0.82 a 6.69+1.4a 0.34
T90 (days) 11.34+£1.82a 10.9+2.44 a 12.9+1.88 a 0.24
UnifG 8.18+1.6a 8.24+2.06 a 8.9+0.94 a 0.68
MGT (days) 6.85+0.95b 6.59+0.89 b 8.57+0.93 a 0.001
MGR 0.14+0.01 a 0.15£0.02 a 0.11+0.01 b 0.004
VarGer 10.09+4.72 a 16.15+9.55 a 14.52+4.18 a 0.23
CVt* 45.24+10.1 a 58.08+13.51 a 44.26+7.08 a 0.057
Sinc* 0.11£0.03 a 0.12+0.04 a 0.10+0.01 a 0.72
Unc 2.99+0.2 a 2.95+0.35a 3.23+0.18 a 0.12
CVG 14.8+19a 15.43+23 a 11.7¢1.3b 0.004

T10: Time spent to 10 % germination, T50: Time spent to 50 % germination, T90: Time spent to 90 % germination, MGT:

Mean Germination Time, GSI: Germination Speed Index, MGR: Mean Germination Rate, CVG: Velocity of Germination

Coefficient, CVt: Germination Time Coefficient of variation, VarGer: Variance of Germination Time, Unc: Germination

Uncertainty, Sinc: Germination Synchrony, UnifG: Germination Uniformity Index. Mean+SD. Means followed by the same

letter do not differ statistically from each other at 5 % of probability by the Tukey test. (*): Means followed by the same

letter do not differ statistically from each other at 5 % of probability by the Nemenyi test.
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Figure 5: Fitted sigmoid curves of Brachiaria decumbens height and growth of plants grown for 110 days in Ref,
Ref/Tec and Tec.
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Table 5. Sigmoid curve parameters of height of Brachiaria decumbens grown for 110 days in Ref, Ref/Tec and Tec.

Parameter Treatment asym xmid scal
Ref 126.08+5.6 45.9£1.5 16.3+1.48
Height Ref/Tec 98.07+4.41 41.6x1.9 12+1.48
Tec 76.742.5 36.1+1.21 13.3+1.3

Sigmoid curve parameters + 95 % Confidence interval; asym - Asymptote; xmid - inflection point of x-value; scal - angular

coefficient of the tangent at point of inflection.
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Figure 6: Development of Brachiaria decumbens cultivated in Ref, Ref/Tec and Tec after 110 days of experiment

in greenhouse. A — Plants cultivated in Ref/Tec. B - Plants cultivated in Tec. C - Plants cultivated in Ref. D -

Treatments and repetitions at the end of the greenhouse experiment.
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Figure 7: Specific leaf area determination and number of tillers in Brachiaria decumbens grown for 110 days in

Ref, Ref/Tec and Tec. A - Specific leaf area boxplots. Lower and upper box boundaries represents 25" and 75

percentiles and the lines inside box represents median; lower and upper error lines represents 10" and 90"

percentiles. Medians followed by the same letter do not differ statistically from each other at 5 % of probability by

the Nemenyi test. B - Number of tillers column chart. The vertical bars indicate 95 % confidence intervals. Means

followed by the same letter do not differ statistically from each other at 5 % of probability by the Tukey test.
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Figure 8: Boxplots of Brachiaria decumbens weight of fresh and dried leaf, culm and inflorescence grown for 110
days in Ref, Ref/Tec and Tec. Lower and upper box boundaries represents 25" and 75" percentiles and the lines
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inside box represents median; lower and upper error lines represents 10® and 90" percentiles. Medians followed

by the same letter do not differ statistically from each other at 5 % of probability by the Nemenyi test. In C and G

— Infl. (Inflorescence).
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A B "
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a a
— 25 . 8
E %
L ]
2 —_— 26 b
25 2
o o
= b = | b
= £ 4
a 3 |
§ - § —
£ c = {
o O 2
10 \—[—l ‘
0
Ref RefTec Tec R RefiTec Tec
Soil Soil
c ) D
8 Kruskal-Wallis: chi-squared=31.07, Df=2, p-value=1.78e-07 *** ANOVA: F=1.56; Df=2; p-value= 0.21
2 2 a
gs a Y =
g a 5 H
% 84
Q. ] & ‘ ‘
3 [ Z 1 " |
3
2 e
Ref RelTec Te Ref RetTec
Soil Soil

Figure 9: Boxplots of Brachiaria decumbens photosynthetic pigment content in plants grown for 110 days in Ref,

Ref/Tec and Tec. A - Chlorophyll a concentration. B - Chlorophyll b concentration. C — Carotenoids concentration.

D - Ratio between Chlorophyll a and Chlorophyll b concentration. Lower and upper box boundaries represents

25% and 75" percentiles and the lines inside box represents median; lower and upper error lines represents 10™ and

90" percentiles. Medians followed by the same letter do not differ statistically from each other at 5 % of probability

by the Nemenyi test and ANOVA.
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Figure 10: Boxplots of Brachiaria decumbens gas exchange cultivated in Ref, Ref/Tec and Tec. A - CO; net

photosynthetic assimilation rate (A). B - Stomatal conductance (gs). C - Transpiratory rate (E). D - Ratio of internal
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and external concentration of CO» (Ci/Ca). E - Carboxylation efficiency estimation of the rubisco enzyme (A/Ci).
Lower and upper box boundaries represents 25" and 75" percentiles and the lines inside box represents median;
lower and upper error lines represents 10™ and 90" percentiles. Medians followed by the same letter do not differ

statistically from each other at 5 % of probability by the Nemenyi test.




Figure 11: Leaf anatomy of Brachiaria decumbens cultivated in Ref, Ref/Tec and Tec. A - C. Cross sections
stained with toluidine blue. The mesophyll and bundle sheath cells form concentric layers around the vascular
bundle (Kranz anatomy). A. Leaf of plant grown in Ref where it is possible to observe cells with a round shape
and a healthy aspect. B - C. Plants grown in Ref/Tec and Tec respectively, it is possible to observe the presence of
flaccid and deformed cells with sinuous and angular cell walls. D - Sample of leaf sectioned transversely in a table
microtome and not submitted to reagents (White), note the natural leaf color. BS, Bundle Sheath; BC, Buliform
Cell; M, Mesophyll; Xy, Xylem; Ph, Phloem; VB, Vascular Bundle; TB, Trichome Base; St, Stomata, T,

Trichome.
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Figure 12: Leaf histochemical tests in Brachiaria decumbens cultivated in Ref, Ref/Tec and Tec. A - C. Periodic
acid test - Schiff (PAS) with magenta-stained total polysaccharides. The centrifugal orientation of chloroplasts
with transitory starch accumulation can be observed in bundle sheath cells (white arrows) and it is possible to
observe the accumulation of polysaccharides in buliform cell (white arrow in A). D - F. Xylidine ponceau test
(XP) with orange-stained proteins in bundle sheath chloroplasts (yellow arrows) and in stomata (yellow arrow in
D). G - L. Sudan Black B test. The lipids stained from blue to black in chloroplasts of bundle sheath cells (black
arrows). J - L. Ferric Chloride test. The phenolic compounds appear stained brown and black in sclerenchyma cell

walls (red arrows) and in chloroplasts of bundle sheath cells. T, Trichome.

Figure 13: Root system architecture of Brachiaria decumbens roots cultivated in Ref, Ref/Tec and Tec after 110

days in a greenhouse.
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Figure 14: Plant root anatomy and mycorrhizal colonization analysis in Brachiaria decumbens cultivated in Ref,
Ref/Tec and Tec. A - C. Longitudinal sections of root apex stained with toluidine blue from plants grown in Ref.
It is possible to observe septate hyphae (white arrows). D - F. Roots cleared and stained with Trypan blue. It is
possible to observe the presence of dark septate endophytic fungi (DSEF) associated with B. decumbens roots
grown in Ref. It is possible to observe the septate hyphae (white arrows) and the presence of microsclerotia (MS).
G - H. Longitudinal sections of root apex stained with toluidine blue from plants grown in Ref/Tec. It is possible
to observe in G the presence of fungal arbuscles within a cell (Ar) and in H cells with cellular content for nematodes
degradation (black arrows). I - K. Roots cleared and stained with Trypan blue from plants grown in Ref/Tec. In I
and J it is possible to observe DSEF with septate hyphae (white arrows) and the presence of microsclerotia (MS).
In K, it is possible to observe next to the nematode a cell with content for parasite degradation (white arrow). L -
N. Longitudinal sections of root apex stained with toluidine blue from plants grown in Tec. In L and M the presence
of nematodes within cells is observed (black arrows in L). In M it is possible to observe the moment when a
nematode undergoes the degradation process (black arrow), note the cells full of content for the parasite's
degradation (arrowheads). N - Root cleared and stained with Trypan blue from a plant grown in Tec. RC, Root

Cap; MS, Microsclerotia; RH, Root Hair; VC, Vascular Cylinder; Ar, Arbuscle.
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