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Abstract
The Doce River basin has suffered the largest environmental accident ever occurred in Brazil with the influx of tailings 
from Fundão and Santarém, belonging to Samarco mining company, due to the disaster in Mariana. A spill between 
50 and 60 million m3 of tailings was estimated by the company. According to Samarco, the wastewater was composed 
mainly of clay, silt and heavy metals like iron, copper and manganese. Thereby, the objective of the present study was 
evaluated the genotoxic damage in juvenile of Geophagus brasiliensis (Quoy e Gaimard, 1824) exposed to Doce river 
water before (DRWBA – Doce River water before acident) and after (DRWAA – Doce River water after acident) the 
influx of tailings from the Germano and Santarém Dam disasters in Mariana, MG, Brazil. For this, 24 individuals of 
the species G. brasiliensis (obtained on IFES/ALEGRE fish culture) were submitted to a bioassay with three treatments 
and eight replicates. The treatments were: 1) Control water (water from the urban water supply system, filtered with a 
0.45 µm membrane), 2) DRBA and 3) DRAA. After 96 h, these fishes were anesthetized to remove blood for evaluation 
of genotoxic damage (micronucleus and comet). For the bioassay, a total of 80 L of The Doce River water were collected 
before the influx of tailings and after the influx and then submitted to metal quantification analysis. Fish exposed to 
DRWBA and DRWAA treatments showed a significant increase in both the number of erythrocyte micronuclei and 
the DNA damage index in relation to the control fish; however, they did not present any differences between the two 
treatments. The results demonstrate that the DRWBA treatment was already genotoxic for the fish, mainly due to 
dissolved Cu concentrations in the water. The DRWAA treatment probably presented genotoxicity due to the increase 
in the dissolved fraction and synergistic effects of several metals found in the tailings of the Mariana accident.
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Efeitos da genotoxicidade em peixes da espécie Geophagus brasiliensis 
expostos a água do Rio Doce após o desastre ambiental na cidade de Marina, 

MG, Brasil

Resumo
A bacia do Rio Doce sofreu o maior acidente ambiental com o influxo de rejeitos de Fundão e Santarém, pertencentes 
à empresa de mineração Samarco, devido ao desastre em Mariana. Um derramamento entre 50 e 60 milhões de m3 de 
rejeitos foi estimado pela empresa. De acordo com a Samarco, o rejeito despejado era composto principalmente de 
argila, silte e alguns metais pesados como ferro, cobre e manganês. Com isso, o presente estudo teve como objetivo 
avaliar os danos genotóxicos em juvenis de Geophagus brasilienses expostos a água do rio Doce antes (DRWAA – água 
do Rio Doce antes do acidente) e depois (DRWBA- água do Rio Doce depois do acidente) da chegada dos rejeitos 
do rompimento das barragens de Germano e Santarém em Mariana, MG, Brasil. Para isso, 24 indivíduos da espécie 
G. brasilienses (obtidos na piscicultura do IFES/ALEGRE) foram submetidos a um bioensaio com três tratamentos 
e oito réplicas. Os tratamentos eram: 1) Controle (com água do abastecimento urbano, filtrada com filtro analítico de 
0,45 µm); 2) DRWBA e 3) DRWAA. Após um período de 96 h, esses peixes foram anestesiados para retirada de sangue 
para avaliação dos danos genotóxicos (micronúcleo e cometa). Para a realização do bioensaio, um total de 80 L de 
água do Rio Doce foram coletados antes da chegada dos rejeitos e outros 80 L foram coletados depois da chegada dos 
rejeitos e ambas foram submetidas a análises de quantificação de metal. Os peixes expostos ao DRWBA e ao DRWAA 
apresentaram um aumento significativo na quantidade de micronúcleos eritrocitários e no índice de danos do DNA 
em relação aos peixes controle, no entanto não apresentaram diferenças entre si. Os resultados obtidos demonstram 
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1. Introduction

The Doce River basin has suffered the largest 
environmental accident ever occurred in Brazil with the 
influx of tailings from Fundão and Santarém, belonging 
to Samarco mining company, due to the disaster in 
Mariana. The dams were situated on the estern part of the 
Ferriverous Quadrangle (FQ), in the northwest portion of 
the Mariana-MG, at the foot of the Batatal mountain ranges 
(1,700 m of altitude) and Coqueiro mountain (1,796m of 
altitude), between Serra do Caraça (North) and Serra de 
Antônio Pereira (South) (USP, 2015). The municipality 
area is 1,194 km2, where more than 58,000 people are 
living in rural and urban zones (IBGE, 2015). The FQ 
is a very important geologic and economic region. It has 
approximately 7,000 km2, extending from the city of Ouro 
Preto to Belo Horizonte (Ruchkys, 2009). On November 
5th, 2015, Samarco’s dam called Fundão burst causing an 
enormous environmental disaster. The mudslide reached 
other dam called Santarém and flowed to Bento Rodrigues, 
a sub-district destroyed by the mud. More than 80% 
edifications were covered by mud. After, mud flowed to 
the rivers Gualaxo do Norte, Carmo and Doce and then 
the Atlantic Ocean on November 22nd, 2015 (Segura et al., 
2016). A spill of 50 - 60 million m3 meters of tailings was 
reported by the company (Marta‑Almeida et  al., 2016; 
Gomes et al., 2017). According to Samarco, this residue 
was composed mainly of clay and silt (Escobar, 2015). 
As a result of the disaster, metals contained in the tailings 
were released into the waters of the Doce River.

In recent years several studies have evaluated the 
impact of metals as genotoxic pollutants. At the molecular 
level, the comet assay and the micronucleus test (MN) 
are complementary biomarkers for genotoxic testing and 
indicate significant DNA damage based on two different 
endpoints (Rudolf and Cervinka, 2006; Villela  et  al., 
2006; Medeiros  et  al., 2017). Micronuclei arise from 
chromosomal fragments or whole chromosomes that are not 
incorporated into daughter nuclei at mitosis (Schmid, 1975) 
and could be easily visualised in peripheral erythrocytes 
(Omar  et  al., 2012), whereas the alkaline comet assay 
measures strand breaks before the DNA repair systems 
intervene (Medeiros et al., 2017; Scalon et al., 2010).

Therefore, it is necessary to evaluate the toxic effects 
of the tailings from the Mariana accident on fish in the 
Doce River. The objective of this work was to verify the 
acute genotoxic effects in G. brasiliensis, a native species 
to the Doce River basin and exposed to the waters of the 
lower Doce River, which were contaminated by the tailings 
from the disasters in Mariana, MG.

2. Materials and Methods

2.1. Water collection
The influx of tailings from Fundão e Santarém, belonging 

to Samarco mining company, occurred on 11/11/2015. 
The collection of water from the Doce River for the present 
study was conducted in Colatina, ES, approximately 
500 km from the rupture site of the dams, and 98 km from 
the Doce River estuaries (Figure 1). The water collection 

que a DRWBA já era genotóxica para os peixes, principalmente, em função das concentrações de Cu dissolvido na 
água. A DRWAA apresentou genotixicidade, provavelmente, em função do aumento da fração dissolvida e do efeito 
sinérgico de diversos metais presentes nos rejeitos do acidente de Mariana.

Palavras-Chave: micronucleo, ensaio cometa, metal pesado, peixes, Rio Doce.

Figure 1. Map showing the influx of tailings from the Fundão and Santarém Dams disasters in Mariana, along Doce River 
(MG and ES, Brazil). The water collection from the Doce River for the present study (before and after the accident) was 
conducted in Colatina (Espírito Santo), approximately 500 km from the rupture site of the dams, and 98 km from the Doce 
River estuaries.
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was carried out at two separate times: before the tailings 
from the accident reached Colatina (09/11/2015) and 24 h 
after the tailings visually reached Colatina (11/20/2015). 
The samples were refrigerated at 4 °C until analysis. 
The experiment began on 11/21/2015. A total of 80 L of 
The Doce river water were collected before the influx of 
tailings and after the influx reached Colatina.

2.2. Bioassay
Juveniles of G. brasiliensis (4.8 ± 0.3 g; mean ± STD) 

were obtained from IFES (Alegre campus). This research 
was approved by the UVV Ethics and Animal Welfare 
Commission (No. 371-2016). The fishes were less than a 
year old and were not maturated yet. After identification, 
the voucher specimen was deposited in the ichthyological 
collection of the Museu de Biologia Professor Mello 
Leitão, Santa Teresa – ES (MBML – PEIXES 12643). 
The choice of the specie was due to the high occurrence 
in the Brazilian rivers, including Doce River. Fish were 
previosly acclimated to laboratory conditions for 30 days 
in a 300 L tank, with the use of filtration and continuous 
aeration systems. During this period fish were daily fed 
until satiety with commercial extruded fish ration with 45% 
of crude protein (Propescado – Nutriaves). Twenty-four 
individuals were transferred to individual aquariums 48 h 
before the experiment. The aquariums had 6 L capacity 
each and were filled with 5 L of control water, and constant 
aeration was performed by a pump with porous stone 
diffusion (OD > 6.0 mg L-1; Temperature = 25.8 ± 0.4 °C). 
At the beginning of the experiment, a full exchange of the 
control water with the exposure water was performed. 
An entirely randomized experiment with three treatments 
and eight replicates (with 1 fish in each aquarium) was 
carried out. The treatments were: 1) control water (water 
from the urban water supply system, filtered with a 
0.45 μm membrane); 2) water from the Doce River before 
the influx of the tailings (DRWBA); and 3) water from 
the Doce River containing the tailings from the Mariana 
accident (DRWAA). After 96 h of exposure, the fish were 
anesthetized by immersion in a 200 mg L-1 Benzocaine 
solution, and blood was then drawn from the caudal vein 
for genotoxic analysis. The quantification of total metal 
and the pH, conductivity and total suspended solids of the 
three treatments were also analyzed

2.3. Genotoxicity assays
Micronuclei quantification was performed according 

to Al-Sabti and Metcalfe (1995) and Medeiros  et  al. 
(2017), using a Giemsa stain (5% w/v). One thousand 
erythrocytes per fish were analyzed under an optical 
microscope (100x magnification). Only intact cells with 
distinct nuclear and cellular membranes were scored. 
The alkaline Comet assay was performed as described 
by Tice  et  al. (2000), Cariello Delunardo  et  al. (2013) 
and Medeiros et al. (2017) using silver nitrate. The Blood 
samples were diluted 1:120 (v:v) in RPMI 1640 medium 
for the alkaline comet assay. All sides were blind-reviewed, 
and the extent of DNA was quantified by the lengh of DNA 
migration (Tice  et  al., 2000; Cariello Delunardo et  al., 
2013; Medeiros et al., 2017). A total of 100 cells from each 

fish were randomly analyzed using optical microscopy 
(100x magnification) to measure the length of the comet’s 
tail (Tice et  al., 2000; Cariello Delunardo et  al., 2013; 
Medeiros et al., 2017). The DNA damage was classified into 
four classes according to Kobayashi et al. (1995) as follow: 
(o) no damages, (1) short tail smaller than the diameter 
of the nucleus, (2) a tail length 1-2 fold the diameter of 
the nucleus and (3) a tail length > 2-fold the diameter of 
the nucleus. The results were expressed as the mean of 
damage index (DI). The DI was executed by multiplying 
the number of cells in each class by the damage class and 
ranged for 0 (no damage) to 300 (maximally damage).

2.5. Quantification of water metal
Four samples of water from each treatment were collected 

before the beginning of the experiment and filtered through 
a 0.45 μm filter for analysis of Cd, Cu, Fe, Mn, and Pb. 
Additionally, four samples of the RDWAA were digested at 
95 °C in nitric acid for analysis of the total metal content. 
The analyses were carried out in an atomic absorption 
spectrophotometer (AAS - Thermo ICE 3500) with a 
graphite furnace. For all metals, the correlation coefficients 
of the standard curves were higher than 0.99, and b of the 
equations were close to zero.

2.6. Statistical analyses
Data about genotoxicity were previously checked for 

normality and homogeneity of variances. Micronuclei did 
not show a normal distribution and were Log-transformed 
before analysis. Data were expressed as the mean ± STD 
and analyzed by one-way ANOVA, followed by the Tukey 
test (p < 0.05).

3. Results
The physical parameters values were higher in the 

DRWBA and DRWAA treatments than in the control 
treatment (Table 1). An increase in suspended solids in 
the river after the mud flow was evident, and it was almost 
500 times greater than before the passage. Likewise, dissolved 
metals, except Cu, were present in higher concentrations 
in the DRWAA treatment. The concentration of dissolved 
Fe and Mn was greater in the DRWAA treatment compared 
to the control and DRWBA treatments. The concentration 
of Cu was higher in the DRWBA treatment than in the 
control and DRWAA treatments. The concentrations of 
metals were higher in both DRWBA and DRWAA when 
compared to CONAMA 357/2005 standard values (Table 1). 
The micronuclei and the comet showed similar results: 
a significant increase in both factors when the fish were 
exposed to the DRWBA and DRWAA water treatments 
compared to the control treatment. Compared to the control 
treatment the micronuclei increase in 3.5% and the comet 
increase in 120% as shown in figure 2.

4. Discussion

The results found in the present study could be related 
to the water collection site. In Colatina, a large industrial 
pole is present on the margins of the Doce River that 
uses copper in its processes, such as within the textile 
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industry. Therefore, it is possible that the greatest quantity 
of dissolved Cu in the DRWBA treatment was related 
to the effluents of the local industry. The decrease in 
dissolved Cu in the DRWAA treatment could be related 
to the amount of clay and goethite present in the waters 
after the accident, since Cu has a high affinity for these 
compounds (Christophi and Axe, 2014). The results from 
the total metal analysis show that the DRWAA treatment had 
high concentrations of the analyzed metals, but in complex 
forms, which is also explained by the amount of clay and 
goethite present in the DRWAA treatment. According to 
Marta-Almeida et al. (2016) and Gomes et al. (2017), a 
total between 50 - 60 million m3 of clay was deposited 
into the Doce River channel as a result of the accident. 
Additionally, Pires  et  al. (2003) reported that goethite 
composes approximately 69.5% of Samarco’s solid waste.

The genotoxic analyses indicated that the Doce 
River water, even before the tailings from the accident, 
already presented genotoxic potential. These results may 
be verified by the concentration of dissolved Cu in the 

DRWBA treatment. The genotoxicity of Cu is related to 
the induction of reactive oxygen molecules (ROS) and 
the resulting damage to the DNA molecule (Bagdonas 
and Vosylienė, 2016). Guecheva  et  al. (2001) explain 
that the genotoxicity of Cu can be caused by the affinity 
of this metal for amino acids, compared to nucleotides, 
thus leading to an inactivation of proteins involved in DNA 
processes. Similar concentrations of Cu (40-80 μg L-1) 
have also been shown to be genotoxic for Oncorhynchus 
mykiss at acute exposure levels (Bagdonas and Vosylienė, 
2016). The DRWAA treatment was also genotoxic for 
juvenile G. brasiliensis. The most probable reason for 
this is the synergistic effect of metals with increasing 
dissolved concentration of Mn and other metals not 
analyzed in this study, such as Al, Cr, Zi, Va and Ni, 
that also increased in the DRWAA treatment, as verified 
by Neto  et  al. (2016). To  corroborate our hypothesis, 
Omar  et  al. (2012) observed that the synergistic effect 
of several metals (Cu, Pb, Fe and Mn) at concentrations 
similar to those found in the present study were genotoxic 

Table 1. Water quality during exposure of G. brasiliensis to Doce River water before and after Mariana disaster. Data were 
presented as mean ± STD. Metals were presented in dissolved form (45 µm filtered). To obtain DRWAA total metal, samples 
were digested before analysis. Cond. = Conductivity; DRWBA = Doce river water before accident; DRWAA = Doce river 
water after accident.

Parameter Control
water DRWBA DRWAA DRWAA

Total Metal *CONAMA

pH 7.1±0.1 7.4±0.1 7.1±0.2 - 6.0 - 9.0
Cond. (µS.cm-1) 106±5.1 117±3.2 147±3.1 - -

TSS (mg.L-1) < DL 2.20±0.6 1.185±84 - -
Cd (µg.L-1) < DL < DL < DL 0.20±0.1 1**
Cu (µg.L-1) 1.56±0.41 63.85±6.01 3.90±0.80 112.1±4.83 9
Fe (µg.L-1) 1.30±0.09 1.32±0.11 5.91±1.56 19,800±2,010 3,000
Mn (µg.L-1) 100.9±0.13 128.3±0.51 265.3±0.30 3,610±710 100**
Pb (µg.L-1) < DL < DL < DL 23.02±2.39 -

DL = Detection level; TSS = Total of suspended solids; *Resolution CONAMA 357/2005 standard values for dissolved 
metals in waters; **Total Metals.

Figure 2. Micronuclei and Comet assay in Geophagus brasiliensis after acute exposure to Doce river water before and after 
Mariana disaster. Data were presented as mean ± STD. Control = control water; DRWBA = Doce river water before accident; 
DRWAA = Doce river water after accident. Subscript letters indicate significant differences between treatments by one way 
ANOVA and Tukey test (P<0.05).
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for Oreochromis niloticus and Clarias gariepinus in a 
polluted lake in Egypt.

Escobar (2015) reports that due to the activities on 
its margins, the Doce River was already polluted before 
the disaster, which was confirmed in this work by the 
genotoxicity observed in fish exposed to water in the 
DRWBA treatment. However, the DRWAA treatment also 
presented a genotoxic potential for G. brasiliensis, which 
shows that the tailings from the accident also contributed 
harmful pollutants to the native fauna. Next, studies of 
chronic effects are needed to understand the long-term 
consequences of the Mariana disaster for biota.
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