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ABSTRACT

Bioaccumulation of metals and genotoxic effects in females of Colomesus asellus collected in an Amazon River estuary,
Amapa, Brazil

Colomesus asellus (Amazonian Puffer) is endemic to the Amazon Basin. It uses channels and streams to reproduce, spawn
and feed. In areas close to urban centers, these fish may be exposed to anthropogenic residues containing mixtures of metals
that can be bioaccumulated, resulting in genetic alterations. Therefore, we aimed to determine the extent of nuclear alterations
in erythrocytes of female C. asellus resulting from the bioaccumulation of metals in tissues and organs. Metal concentra-
tions were analyzed by atomic absorption spectrophotometry. Tissue metal concentrations decreased in the following order:
Fe > Zn > Cu > Mn > Hg > Pb > Ni > Cd > Cr. In fish tissues/organs, the concentration of metals followed, in decreasing
order, liver > skin > gonads > musculature > bones. The most frequent nuclear alterations were nuclear invagination, nuclear
budding and lobulated nucleus. Metal concentrations and resultant nuclear alterations observed can damage C. asellus, thus
compromising the conservation of this species at the mouth of the Amazon River.
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RESUMO

Bioacumulacao de metais e efeitos genotoxicos em fémeas de Colomesus asellus coletadas no estudrio do Rio Amazonas,
Amapa, Brasil

Colomesus asellus (Baiacu Amazénico) é endémico da bacia amazénica. Ele usa canais e igarapé para reprodugdo, des-
ova e alimentacdo. Em dreas proximas aos centros urbanos, esses peixes podem ser expostos a residuos antropogénicos
contendo misturas de metais que podem ser bioacumulados, resultando em alteracées genéticas. Portanto, o nosso objetivo
Jfoi determinar a extensdo das alteracées nucleares em eritrocitos de fémeas de C. asellus resultantes da bioacumulagdo de
metais em tecidos e orgdos. As concentragoes dos metais foram analisadas por espectrofotometria de absor¢do atomica. As
concentragoes de metais nos tecidos decresceram nessa ordem: Fe > Zn > Cu > Mn > Hg > Pb > Ni > Cd > Cr. Nos tecidos/
orgdos dos peixes, a concentragdo de metais seguiu, em ordem decrescente, figado > pele > génadas > musculatura > 0ssos.
As alteragoes nucleares mais frequentes foram invaginagdo nuclear, brotamento nuclear e niicleo lobulado. As concentragoes
de metais e as altera¢oes nucleares observadas podem prejudicar o C. asellus, comprometendo a conservagdo desta espécie
na foz do rio Amazonas.

Palavras chave: Amazonia brasileira, Baiacu Amazonico, contaminantes inorgdnicos, biomarcadores de genotoxicidade
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INTRODUCTION

The Amazon Basin harbors the greatest biodiver-
sity on the planet, and many fish species are con-
sidered restricted to the Brazilian Amazon (Da-
gosta & Pinna, 2019, Rico et al., 2022). Found
within this endemic fish group is the species Co-
lomesus asellus (Miiller & Trochel, 1849), popu-
larly known as “Amazonian Puffer”. The Tetrao-
dontiformes order is predominantly composed
of marine fish species; however, the Colomesus
is the only freshwater genus found in the Am-
azon Basin (Araujo-Lima et al., 1994, Viana et
al., 2017). C. asellus is small, reaching 11 cm in
length (Araujo-Lima et al., 1994, Amaral et al.,
2013). It is considered sensitive to low concentra-
tions of dissolved oxygen, and in dangerous and
stressful situations, it has the ability to inflate its
body. As a defense mechanism against predators,
it produces the neurotoxin tetrodotoxin (Arau-
jo-Lima et al., 1994, Camargo & Maia, 2008,
Amaral et al., 2013). Despite the neurotoxin pro-
duced by pufferfish species, its muscle tissue is
highly appreciated in oriental cuisine, especially
in such countries as China, Korea, Japan, and Tai-
wan, owing to its high nutritional value (Karuna-
nidhi et al., 2017).

This species, which exhibits benthopelagic be-
havior and a carnivorous feeding habit, is charac-
terized by its four dental plates capable of crush-
ing the rigid carapaces of its prey, allowing it to
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feed mainly on mollusks and other aquatic inver-
tebrates (Oliveira et al., 2006). Owing to its be-
havior and yellowish-gray color patterns (Fig. 1),
with several dark and irregular transversal bands
on the back of the head and trunk, C. asellus is
appreciated as an ornamental fish and exported to
several countries (Bartolette et al., 2018). It is im-
portant to emphasize that C. asellus uses areas of
channels and streams for reproducing, spawning,
and feeding (Araujo-Lima et al., 1994). Along
with urban and industrial expansion comes an in-
crease of metals carried by effluent that flows into
river water, directly harming this fish species, as
well as security of the entire food chain (Pascho-
alini & Bazzoli, 2021), and posing a risk to the
conservation of freshwater species.

Macapa, capital of the Brazilian state of
Amapa4, has an estimated population of 522 357
inhabitants and a land area of 6 563 849 km?2
(IBGE, 2021). Part of this area is bounded by the
left bank of the Amazon River. The waters of the
Amazon River are used for public supply, as well
as a source of fish for the local fishing industry,
fishing families, riverine and indigenous popula-
tions (Sa-Oliveira et al., 2016, Albuquerque et al.,
2020). This segment of the Amazon River is also
used as the main route for various types of boats
that transport various products for sale along the
riverbanks (Dos Santos Rodrigues et al., 2018).
Despite the importance of its water, urban, in-
dustrial, and domestic waste generated in Maca-
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pa is discharged directly into the Amazon River
(Sa-Oliveira et al., 2016).

Thus, Amazonian fish species are increasing-
ly vulnerable to the exposure of different types
of pollutants, especially toxic metals. Increased
release of toxic metals in water bodies is mainly
related to the expansion of agricultural and live-
stock areas, installation of hydroelectric plants,
and mineral extraction (Viana et al., 2020, Arat-
jo-Flores et al., 2021, Souza-Araujo et al., 2022,
Nascimento et al., 2022). In addition, many agro-
chemicals have toxic metals in their composi-
tion, either as components or as contaminants,
and these toxic residues do reach water resources
(Ribeiro et al., 2017). Such exposure is known
to alter physiological and biochemical functions
that affect growth and reproduction (Jezierska et
al., 2009, El-Shenawy et al., 2021) which calls
for the urgent implementation of conservation
strategies to preserve native and endemic species
of Amazonian fish (Aragjo-Flores et al., 2021,
Nascimento et al., 2022). However, studies re-
porting on the impact of metals on freshwater fish
species endemic to the Neotropics are still rela-
tively scarce (Paschoalini & Bazzoli, 2021).

The Araguari River is one of the tributaries of
the Amazon River and one of the most important
rivers in the State of Amapa. Viana et al. (2020)
reported high concentrations of Cd, Pb, Fe, Hg,
Cu and Zn in water samples from the Araguari
River. These metals, in bioavailable fraction, can
bioaccumulate in different tissues and organs
of fish (Karunanidhi et al., 2017). Hacon et al.
(2020) found high concentrations of Hg in sev-
eral freshwater species of Amazonian fish. For
example, in 47 species of marine fish sampled on
the Amazon Coast, high concentrations of Hg, Pb,
Cd and As were observed (Souza-Araujo et al.,
2022). Particularly, As was present in worrying
concentrations in 63.8 % of the sampled species
(Souza-Araujo et al., 2022). Together, these re-
sults indicate the need to evaluate bioaccumulated
metals in tissues of endemic fish from the Ama-
zon Basin since high concentrations of bioaccu-
mulated metals can cause genotoxic alterations
(Viana et al., 2020, Souza-Araujo et al., 2022).

Genotoxicity from the presence of bioaccu-
mulated metals in fish can lead to carcinogenesis,
loss of local biodiversity, and ecological imbal-
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Figure 1. Image of Colomesus asellus, popularly known as
“Amazonian Puffer”. Imagem de Colomesus asellus, popular-
mente conhecido como “baiacu amazonico”.

ance (Gerolin et al., 2020). In addition, metals can
induce genotoxic damage in several cell types,
including erythrocytes, leading to interference in
cell division, chromosomal breaks, or losses, and,
in the long term, loss of entire native and endemic
fish species (Maceda-Veiga et al., 2015). In this
sense, the evaluation of genotoxicity biomarkers
that do not require the sacrifice of fish, such as
nuclear alterations, provides early signs of genet-
ic damage and contributes to both environmental
monitoring and fish conservation (Guilherme et
al., 2012). Therefore, we aimed to identify geno-
toxic biomarkers in erythrocytes of female C.
asellus as evidence of the bioaccumulation of
such metals as Cu, Cd, Cr, Fe, Mn, Ni, Pb, Zn,
and Hg in tissues and organs.

MATERIALS AND METHODS
Sampling site and fish sampling

Samples of fish were collected at the mouth of
the “Pedrinhas Channel” on the banks of the
Amazon River in the city of Macapa (Fig. 2). In
total, 10 female C. asellus were sampled with
standard length of 9.49 + 0.97 (cm), weight of
48.90 £+ 12.62 (g), and mature gonads in stage (C)
of reproduction. These samples were taken during
the daytime between March and June 2019, imme-
diately after the daily tidal inflow of water from
the Amazon River. C. asellus specimens were col-
lected using casting nets and gillnets with mesh
of various sizes (1.5 - 8.0 cm between adjacent
nodes). After capture, the tail fin was punctured
to obtain blood samples, followed by evaluation
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Figure 2. Location of the sampling site at the mouth of the “Pedrinhas Channel” on the bank of the Amazon River in the city of Macapa,
state of Amapa, Brazil. Localizag¢do do local de amostragem na foz do “Canal das Pedrinhas” as margens do Rio Amazonas na cidade

de Macapa, Estado do Amapa, Brasil.

for standard length (cm) and total weight (g). Fish
specimens were immersed in ice water to reduce
their activity, and then they were sacrificed by cer-
vical transection to collect samples of muscle, liv-
er, female gonads, bone, and skin.

Stages of gonadal maturation were recorded.
Gonad stages were determined macroscopically,
according to Vazzoler (1996), as A = immature;
B = maturing; C = ripe; D = semi-spent; and
E = spent. Taxonomic identification of the species
was performed using specialized literature (San-
tos et al., 2004). This project was approved by
the Committee on Ethics for the Use of Animals
at the Federal University of Amapa (UNIFAP -
017/2019).

Fish blood samples for analysis of genotoxicity
biomarkers

Blood samples were obtained through caudal
puncture with heparinized syringes. For each
sample, two thin smears were prepared on slides
using a single drop of blood; then the smears
were dried in air for 15 min and fixed in ethanol.
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Smears were stained using Giemsa 10 % solution
(De Jesus et al., 2016). Count of nuclear changes
was performed under optical microscopy (Nikon
Eclipse, E200) with x1000 magnification. One
thousand erythrocytes were counted on each of
two slides, totaling 2000 erythrocytes per fish
sample. The percentage of nuclear alterations was
calculated by the ratio between the total number
of altered erythrocytes and the total number of
observed erythrocytes, followed by multiplying
the product of this ratio by 100. To calculate the
genotoxicity index, all nuclear changes identified
in fish samples were grouped, followed by cal-
culating the ratio between the total number of al-
tered cells and the total number of cells observed
and then multiplying this ratio by 100 (Viana et
al., 2021).

Protocol for preparation of fish tissues and
organs

Fish samples of muscle, liver, female gonads,
bone, and skin were frozen for a maximum peri-
od of 30 days until analysis of metals. Briefly, af-
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Figure 3. Hierarchical clustering of average concentration for
each metal found in the pool of tissue samples collected from
females of C. asellus. Agrupamento hierdarquico de concentra-
¢do média para cada metal encontrado no pool de amostras de
tecido coletadas de fémeas de C. asellus.

ter removal of these samples, they were weighed.
Aliquots of 0.5 g of each tissue sample were
placed directly in a digestion tube, followed by
the addition of 10 mL sulfonitric mixture (HNO5:
H 7S0y; 1:1 v/v) with 0.1 % (w/v) vanadium pen-
toxide and left to stand for 2 h. Afterwards, the
mixture was heated in a water bath at 90 °C for
3 h. Then, 5 mL 7 % (w/v) KMnO4 were add-
ed, and the mixture was heated in a water bath at
90 °C for another 3 h. Excess oxidant was re-
duced with 900 pL 20 % (w/v) hydroxylamine
hydrochloride solution. Tube contents were trans-
ferred to a 50 mL volumetric flask, completing
the volume with double-distilled water (DDW).

Chemical analysis of metals

Blank samples were prepared according to the
protocols proposed by Vieira & Passarelli (1996)
and Morgano et al. (2005). The digested samples
from each tissue were submitted to analysis of
Cd, Pb, Cr, Ni, Fe, Mn, Cu and Zn, in duplicate,
using an Atomic Absorption Spectrophotometer
(Shimadzu, model AA7000) with flame atomiza-
tion. To quantify total Hg present in the digested
samples, we used a hydride generator coupled
with Inductively Coupled Plasma Optical Emis-
sion Spectrometry (ICP-OES), according to the
method proposed by Morgano et al. (2005). Each
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metal was measured according to its calibration
curves with the following detection limits (ug/g):
Cu = 0.06; Cd = 0.01; Cr = 0.01; Fe = 0.05;
Mn = 0.03; Ni=0.04; Pb = 0.06; Zn = 0.08; and
Hg=10.10.

Statistical analysis

Spectrophotometry is a method used to measure
how much a chemical substance absorbs light by
measuring the intensity of light. In this case, the
similarity in intensities of metal concentrations in
tissue samples from C. asellus females was visu-
alized using a hierarchical grouping by tissue
sample type. The intensity of metal concentra-
tions by tissue was centered by the mean (zero)
and standard deviation (1). Using a “heatmap”
command in the “pheatmap” package, a specif-
ic color-coded grouping by tissue was generated
when the intensity of metal concentration was
represented by different colors. Color scale rep-
resents mean values where red squares indicate
above-average values for a particular metal, and
blue squares indicate below-average values. All
analyses were performed using the R platform (R
Development Core Team, 2021).

RESULTS AND DISCUSSION

Bioaccumulation of metals in different tissues
of C. asellus

Metal concentrations decreased in tissue samples
from C. asellus females in the following order:
Fe>Z7Zn> Cu> Mn > Hg >Pb > Ni > Cd > Cr
(Table 1). Karunanidhi et al. (2017) emphasize
that the bioaccumulation of metals in fish, mainly
Pb, Cd and Hg, which are highly toxic metals, can
cause damage to vital organs, blood cells and re-
productive organs, in addition to causing changes
in the behavior and development of organisms.
Moreover, when metals reach high concentrations
in fish tissues, even those considered essential,
serious damage, such as nephrotoxicity, can occur
(Karunanidhi et al., 2017).

By using the method of hierarchical grouping,
differentiation in the concentration of bioaccu-
mulated metals was revealed among the different
tissue samples such that higher concentrations
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Table 1. Average metal concentrations (png/g) in each tissue
sample type from C. asellus females. Concentragoes médias de
metal (ug/g) em cada tipo de amostra de tecido de fémeas de
C. asellus.

C. asellus Average metal concentrations (ug/g)

tissues Fe Zn Cu Mn Hg Ni Pb Cd Cr

Bones  44.16 35.19 2638 0.62 043 0.20 023 0.05 0.05

Liver 49.27 3588 26.50 0.77 0.49 036 0.28 0.06 0.05

Skin 44.16 35.19 2638 0.62 042 020 0.23 0.05 0.05

Muscle  39.22 2943 22.09 0.50 0.35 0.18 0.18 0.05 0.05

Gonads  41.24 33.08 23.65 0.50 0.38 020 0.22 0.05 0.05

were evident across the spectrum in liver tissue,
followed by skin, gonads, muscles, and the low-
est concentrations in bones (Fig. 3). Studies on
the accumulation of metals in different species
of pufferfish are scarce. However, in the marine
pufferfish species Takifugu oblongus, Lagoceph-
alus guentheri, Arothron hispidus, Chelodan pato-
ca, and Arothron immaculatus, Karunanidhi et al.
(2017) observed relatively high concentrations of
Cd (0.24 pg/g), Cu (1.80 ug/g), Pb (8.31 ug/g) and
Zn (43.37 pg/g) in organs such as skin, gills, ova-
ry, intestine, muscle, kidney, and liver. Karunani-
dhi et al. (2017) also found that Pb concentrations
decreased in the following order: kidney > skin >
intestine > liver > muscle > gills > ovary. In the
marine species Lagochepalus lunaris (Banana
Puffer fish), Nurjanah et al. (2015) found high
concentrations of Zn (73.63 pg/g) in muscle tis-
sue and skin (41.80 pg/g). In internal organs, Fe
(167.03 ng/g), Pb (57 pg/g) and Cd (0.19 ng/g)
presented high concentrations (Nurjanah et al.,
2015). These findings support our results for the
freshwater species C. asellus with respect to the
bioaccumulation of metals in different organs.
Such multi-organ-specific bioaccumulation of
metals may be linked to benthopelagic foraging
behavior and feeding habits (Karunanidhi et al.,
2017). For instance, Nurjanah et al. (2015) also
attributed metal accumulation to the feeding
habits of L. lunaris.

Particularly, the greater accumulation of met-
als in liver tissue may be mainly related to organ
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functions that include metabolism, energy stor-
age, and biotransformation of toxicants (Viana et
al., 2020), in addition to being a highly vascular-
ized organ that receives a high blood supply. The
accumulation of metals in the liver tissue of C.
asellus can lead to injury and disease, even death
in extreme situations (Urien et al., 2018). Elevat-
ed concentrations of metals in the liver are also
associated with increased vacuolization, hyper-
trophy, and necrosis of hepatocytes (Weber et al.,
2020). The liver’s ability to accumulate metals
makes the quantification of these contaminants in
the liver tissue of fish relevant for assessing the
contamination of aquatic environments (Viana et
al., 2020). Metal concentrations in C. asellus liv-
er tissue are similar to those previously found by
Viana et al. (2020) in liver samples from four na-
tive fish species (Anodus orinocensis, Hemiodus
unimaculatus, Curimata vittata, and Plagioscion
squamosissimus) collected in the Araguari River
lower section, also located in the state of Amapa.
These results are also corroborated by the find-
ings of Albuquerque et al. (2021) who determined
the concentrations of inorganic contaminants
in liver tissue of Cichla temensis (carnivorous
species) and Pterygoplichthys pardalis (detritivo-
rous species). Based on this finding, they recom-
mended the use of this approach for biomonitor-
ing the contamination of aquatic environments,
such as that found in the lower Amazon River. It
is important to note that the liver is also an organ
that contributes to reproductive activity in female
fish, mainly from the production of vitellogenin,
which is essential for the normal development of
embryos (Wolf & Wheeler, 2018, Vicentini et al.,
2022). Thus, studies conducted in natural envi-
ronments can provide a more realistic picture of
the health status of fish exposed to metals present
in aquatic environments. However, it is important
to emphasize that these studies are not conducted
under controlled conditions. As a result, impor-
tant information, such as exposure time and pos-
sible synergistic or antagonistic influences from
other classes of contaminants, is difficult to as-
sess. Thus, in recent years, studies on the impacts
of metals present in natural environments located
in the Neotropical region mainly addressed the
concentration/accumulation of different metals in
muscles and other organs such as liver (Paschoal-
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ini & Bazzoli, 2021).

The bioaccumulation of metals in the skin
of C. asellus is related to direct contact of the
fish with contaminated water. This is a remark-
able finding in that this tissue is considered an
important barrier against the entry of this type of
contaminant (Uysal et al., 2008). Owing to the
exchange reaction with calcium ions for metals,
bone development can be retarded in C. asellus
(Rezk et al., 2018). According to the literature,
metals are accumulated and stored in bone struc-
ture with resultant loss of Ca levels (Hansson
et al., 2020). The concentrations of Cd and Hg
found in the muscle tissue of C. asellus were
similar to those found by Da Silva Costa et al.
(2022) in the muscle tissue of the fish species
Plagioscion squamosissimus (Cd ~ 0.05 ug/g
and Hg ~ 0.31 pg/g), which was collected in the
Araguari River middle section, also located in
the State of Amapa.

The accumulation of metals in the gonads
of C. asellus females can result in reproductive
impairment, damage to reproductive germ cells,
delay in embryonic development, as well as an
increase in the incidence of deformities and mor-
tality rate. As a result, offspring with lower vi-
tality will be produced, and the rate of survival
will be reduced (Cazan & Klerks, 2015, Urien et
al., 2018). Lopes et al. (2020) reported that the
sources of contamination by metals in the Ama-
zon Basin are related to the sum of various human
activities in its surroundings, placing emphasis on
urbanization, mineral extraction, deforestation,
and forest burning. All these factors contribute
to the transport of waste contaminated with mix-
tures of toxicants, including metals, into the wa-
ters of the Amazon River. Vicentini et al. (2022)
highlighted that some metals, especially Cd, are
considered endocrine disruptors in different fish
species, which can affect their reproductive pa-
rameters. Therefore, assessment of the damage
caused by inorganic contaminants in female fish
is essential since these toxicants can be trans-
ferred to offspring or even affect the early stage
of embryos (Bila & Dezotti, 2007, Vicentini et al.,
2022). Vicentini et al. (2022) also reported that
environmentally relevant concentrations of Cd
(0.1 and 100 pg/L) could alter the reproductive
aspects of the native fish species Rhamdia quelen.
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Figure 4. a) Average values of nuclear invagination frequen-
cy (INU); nuclear budding (BTN); lobulated nucleus (NUL);
binucleated cell (CBI); vacuolated nucleus (NIV); and pykno-
sis (PCN) in C. asellus erythrocytes. b) Genotoxicity index. a)
Valores médios de frequéncia de invaginagdo nuclear (INU);
brotamento nuclear (BTN), nucleo lobulado (NUL), célula bi-
nucleada (CBI); nucleo vacuolado (NIV); e picnose (PCN) em
eritrécitos de C. asellus. b) Indice de genotoxicidade.

Genotoxicity biomarkers

To evaluate the genotoxic effects on C. asellus
erythrocytes, six types of nuclear alterations were
investigated. Nuclear invagination was the most
frequent alteration, followed by nuclear budding,
lobulated nucleus, binucleated cell, vacuolated
nucleus and pyknosis (Fig. 4a). Nuclear altera-
tions that most contributed to genotoxicity in-
dex increases were nuclear invagination, nuclear
budding and vacuolated nucleus with means of
~0.63, ~0.37, and ~ 0.22, respectively (Fig. 4b).

The occurrence and increase in the frequen-
cy of genotoxic damage in fish erythrocytes are
a function of the sum total of pollutants to which
fish are exposed in the aquatic environment relat-
ed to the sum of the action of pollutants existing
in the aquatic environment (Azevedo-Silva et al.,
2016, Calado et al., 2020). The nuclear alterations
observed in the erythrocytes of C. asellus females
constitute evidence of the existence of genotox-
ic contaminants in the waters of the “Pedrinhas
Channel”, which is located at the mouth of the
Amazon River (Viana et al., 2021). Gomes-Silva
et al. (2020) pointed out that the presence of geno-
toxic contaminants in water impairs the interac-
tion between DNA molecules and nuclear proteins
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during cell division, resulting in changes in the nu-
clear morphology of fish erythrocytes. Using the
model fish Danio rerio, Viana et al. (2021) inves-
tigated toxic and genotoxic effects associated with
metals present in water samples collected from the
Araguari River, a tributary of the Amazon River.
In comparison to the results obtained by Viana et
al. (2021), the species C. asellus showed greater
genetic damage in erythrocytes, mainly from nu-
clear invagination, nuclear budding and lobulat-
ed nucleus. The comparison also revealed higher
genotoxicity index for C. asellus. It should be not-
ed that various metals can bind to plasma proteins
in fish blood and induce nuclear changes in eryth-
rocytes (Vicentini et al., 2022).

Excess metals in the environment, even those
essential to aquatic life, can have genotoxic ef-
fects. Current legislation correctly forbids such
excess to protect aquatic life from damage to
genetic material or, in some cases, apoptosis of
affected cells, such as that which occurs with
nonessential toxic metals (Palermo et al., 2015,
Tuzuki et al., 2017; Murray & Carr, 2018, Guo et
al., 2021). Palermo et al. (2015) observed dam-
age to the genome of Prochilodus lineatus after
exposure to Ni. Tuzuki et al. (2017) reported that
Mn induced genotoxic effects, including DNA
strand breaks, in fish erythrocytes. For nonessen-
tial metals, such as Pb, Hg, Cd and Cr, several
studies have reported their genotoxic potential in
fish, even when present in low concentrations in
the aquatic environment (Pereira et al., 2016, Ali
et al., 2020, Viana et al., 2020, Viana et al., 2021).

Sa-Oliveira et al. (2016) emphasized that the
edge of the city of Macap4, bounded by banks of
the Amazon River, is subject to different types
of anthropogenic impacts and stress, especially
the discharge of improperly treated urban waste.
Thus, the Amazon River estuary acts as the main
recipient of industrial and domestic effluents, of-
ten without the necessary treatment (Dos Santos
Rodrigues et al., 2018). In this context, C. asel-
lus is exposed to different sources of potentially
bioaccumulated pollutants. In the long term, this
could lead to the reduction and eventual disap-
pearance of this endemic species. Therefore, con-
tamination and accumulation of potentially toxic
metals in fish is a major national and international
concern (Hacon et al., 2020). In addition, capture
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for the aquarium trade contributes to the decrease
in ornamental fish populations, including C. asel-
lus, in the Amazon Basin (De Melo et al., 2019).

CONCLUSION

Females of C. asellus showed higher concentra-
tions of metals in liver tissue, followed by skin,
gonads, muscles, and bones, indicating contami-
nation of their habitat by metals, and suggesting
that this area is not suitable for the conservation
of this endemic fish species. Such high metal
concentrations are known to affect reproductive
capacity. Moreover, sampled females showed nu-
clear alterations in their erythrocytes, particularly
nuclear invagination, nuclear budding and lobu-
lated nucleus. Thus, the occurrence of C. asellus
in this region may be threatened. This calls for the
development of specific programs for monitoring
and environmental management of Amazon Riv-
er water quality in order to guarantee the mainte-
nance of the biodiversity of native species.

ACKNOWLEDGMENTS

The authors are grateful to the Fundacdo de Am-
paro a Pesquisa do Amapa (FAPEAP) (process
number 250.203.129/2018); ICMBio (license
63366-1); and Conselho Nacional de Desenvol-
vimento Cientifico e Tecnologico (CNPq; pro-
cess number 429400/2016-0 and 311975/2018-
6). Coordenacao de Aperfeigoamento de Pessoal
de Nivel Superior (CAPES/PDPG — Amazoénia
Legal: process number 88887.510191/2020-00).

REFERENCES

Albuquerque, F. E. A., Herrero-Latorre, C.,
Miranda, M., Barréto Junior, R. A., Oliveira,
F. L. C., Sucupira, M. C. A., ... Lopez-Alon-
so, M. (2021). Fish tissues for biomonitoring
toxic and essential trace elements in the Low-
er Amazon. Environmental Pollution, 283,
117024. DOI: 10.1016/j.envpol.2021.117024
Albuquerque, F. E. A., Minervino, A. H. H.,
Miranda, M., Herrero-Latorre, C., Barréto
Janior, R. A, Oliveira, F.L.C., ... Lopez-Alon-
so, M. (2020). Toxic and essential trace el-
ement concentrations in fish species in the


https://doi.org/10.1016/j.envpol.2021.117024

Bioaccumulation of metals and genotoxic effects in Amazonian Puffer 211

Lower Amazon, Brazil. Science of The Total
Environment, 732, 138983. DOI: 10.1016/j.
scitotenv.2020.138983

Ali, D., Almarzoug, M. H. A., Al Ali, H., Samdani,
M. S., Hussain, S. A., & Alarifi, S. (2020).
Fish as bio indicators to determine the effects
of pollution in river by using the micronucle-
us and alkaline single cell gel electrophoresis
assay. Journal of King Saud University - Sci-
ence, 32(6), 2880-2885. DOI: 10.1016/j.jksus.
2020.07.012

Amaral, C. R. L., Brito, P. M., Silva, D. A, &
Carvalho, E. F. (2013). A new cryptic species
of South American Freshwater Pufferfish of
the genus Colomesus (Tetraodontidae), based
on both morphology and DNA data. PLoS
ONE, 8(9), ¢74397. DOI: 10.1371/journal.
pone.0074397

Araujo-Flores, J. M., Garate-Quispe, J., Garcia
Molinos, J., Pillaca-Ortiz, J. M., Caballero-
Espejo, J., Ascorra, C., ... Fernandez, L. E.
(2021). Seasonality and aquatic metacommu-
nity assemblage in three abandoned gold min-
ing ponds in the southwestern Amazon, Madre
de Dios (Peru). Ecological Indicators, 125,
107455. DOI: 10.1016/j.ecolind.2021.107455

Araujo-Lima, C. A. R. M., Savastano, D., & Jor-
dao, L. C. (1994). Drift of Colomesus asellus
(Teleostei: Tetraodontidae) larvae in the Am-
azon River. Revue d’hydrobiologie tropicale,
27(1), 33-38.

Azevedo-Silva, C. E., Almeida, R., Carvalho,
D. P, Ometto, J. P. H. B., De Camargo, P. B.,
Dorneles, P. R, ... Torres, J. P. M. (2016). Mer-
cury biomagnification and the trophic struc-
ture of the ichthyofauna from a remote lake
in the Brazilian Amazon. Environmental Re-
search, 151, 286-296. DOI: 10.1016/j.envres.
2016.07.035

Bartolette, R., Rosa, D. C. O., Beserra, D. A.,
Soares, B. E., Albrecht, M. P., & Brito, M. F.
G. (2018). Seasonal and ontogenetic diet pat-
terns of the freshwater pufferfish Colomesus
asellus (Miller & Troschel, 1849) in the up-
per-middle Tocantins River. Acta Scientiar-
um. Biological Sciences, 40, ¢35282. DOI:
10.4025/actascibiolsci.v40i1.35282

Bila, D. M., & Dezotti, M. (2007). Desreguladores
endocrinos no meio ambiente: efeitos e con-

sequéncias. Quimica Nova, 30(3), 651-666.
DOI: 10.1590/S0100-40422007000300027
Calado, S. L. de M., Santos, G. S., Vicentini, M.,
Bozza, D. C., Prodocimo, V., Magalhaes, V.
F., ... Silva de Assis, H. C. (2020). Multiple
biomarkers response in a Neotropical fish
exposed to paralytic shellfish toxins (PSTs).
Chemosphere, 238, 124616. DOI: 10.1016/].

chemosphere.2019.124616

Camargo, M., & Maia, T. (2008). Analise popula-
cional do baiacu, Colomesus psittacus (Tetrao-
dontiformes, Tetraodontidae), no estuario o rio
Caeté, costa norte do Brasil. UAKARI, 4(1),
23-28.

Cazan, A. M., & Klerks, P. L. (2015). Effects from
a short-term exposure to copper or cadmium
in gravid females of the livebearer fish (Gam-
busia affinis). Ecotoxicology and Environ-
mental Safety, 118, 199-203. DOI: 10.1016/j.
ecoenv.2015.04.039

Da Silva Costa, M., Viana, L. F., Lima Cardoso,
C. A., Isacksson, E. D. G. S, Silva, J. C., &
Florentino, A. C. (2022). Landscape compo-
sition and inorganic contaminants in water
and muscle tissue of Plagioscion squamosis-
simus in the Araguari River (Amazon, Brazil).
Environmental Research, 208, 112691. DOI:
10.1016/j.envres.2022.112691

Dagosta, F. C. P, & Pinna, M. (2019). The
Fishes of the Amazon: Distribution and bi-
ogeographical patterns, with a comprehen-
sive list of species. Bulletin of the American
Museum of Natural History, 431, 5-163.
DOI:10.1206/0003-0090.431.1.1

De Jesus, I. S., Cestari, M. M., Bezerra, M. A., &
Affonso, P. R. A. de M. (2016). Genotoxicity
effects in freshwater fish from a brazilian im-
pacted river. Bulletin of Environmental Con-
tamination and Toxicology, 96(4), 490-495.
DOI: 10.1007/s00128-016-1755-1

De Melo, M. G., Da Silva, B. A., Costa, G. de S.,
Da Silva Neto, J. C. A., Soares, P. K., Val,A. L.,
... Bataglion, G. A. (2019). Sewage contamina-
tion of Amazon streams crossing Manaus (Bra-
zil) by sterol biomarkers. Environmental Pol-
lution, 244, 818-826. DOI:10.1016/j.envpol.
2018.10.055

Dos Santos Rodrigues, C. C., Santos, L. G. G.
V., Santos, E., Damasceno, F. C., & Corréa, J.

Limnetica, 42(2): 203-214 (2023)


https://doi.org/10.1016/j.scitotenv.2020.138983
https://doi.org/10.1016/j.scitotenv.2020.138983
https://doi.org/10.1016/j.jksus.2020.07.012
https://doi.org/10.1016/j.jksus.2020.07.012
https://doi.org/10.1371/journal.pone.0074397
https://doi.org/10.1371/journal.pone.0074397
https://doi.org/10.1016/j.ecolind.2021.107455
https://doi.org/10.1016/j.envres.2016.07.035
https://doi.org/10.1016/j.envres.2016.07.035
https://doi.org/10.4025/actascibiolsci.v40i1.35282
https://doi.org/10.4025/actascibiolsci.v40i1.35282
https://doi.org/10.1590/S0100-40422007000300027
https://doi.org/10.1016/j.chemosphere.2019.124616
https://doi.org/10.1016/j.chemosphere.2019.124616
https://doi.org/10.1016/j.ecoenv.2015.04.039
https://doi.org/10.1016/j.ecoenv.2015.04.039
https://doi.org/10.1016/j.envres.2022.112691
https://doi.org/10.1016/j.envres.2022.112691
https://doi.org/10.1007/s00128-016-1755-1
https://doi.org/10.1206/0003-0090.431.1.1
https://doi.org/10.1016/j.envpol.2018.10.055
https://doi.org/10.1016/j.envpol.2018.10.055

212

A. M. (2018). Polycyclic aromatic hydrocar-
bons in sediments of the Amazon River Estu-
ary (Amapa, Northern Brazil): Distribution,
sources and potential ecological risk. Ma-
rine Pollution Bulletin, 135, 769-775. DOI:
10.1016/j.marpolbul.2018.07.053

El-Shenawy, N. S., Gad El-Hak, H.N., Ghobashy,
M. A., Mansour, F. A., & Soliman, M. F. M.
(2021). Using antioxidant changes in liver and
gonads of Oreochromis niloticus as biomark-
ers for the assessment of heavy metals pol-
lution at Sharkia province, Egypt. Regional
Studies in Marine Science, 46, 101836. DOI:
10.1016/j.rsma.2021.101863

Gerolin, C. R., Pupim, F. N., Sawakuchi, A. O.,
Grohmann, C. H., Labuto, G., & Semensatto,
D. (2020). Microplastics in sediments from
Amazon rivers, Brazil. Science of The Total
Environment, 749, 141604. DOI: 10.1016/j.
scitotenv.2020.141604

Gomes-Silva, G., Pereira, B. B., Liu, K., Chen, B.,
Santos, V. S. V., de Menezes, G. H.T., ... Plath,
M. (2020). Using native and invasive livebear-
ing fishes (Poeciliidae, Teleostei) for the inte-
grated biological assessment of pollution in
urban streams. Science of The Total Environ-
ment, 698, 134336. DOI: 10.1016/j.scitotenv.
2019.134336

Guilherme, S., Gaivao, 1., Santos, M. A., & Pache-
co, M. (2012). DNA damage in fish (Anguilla
anguilla) exposed to a glyphosate-based herbi-
cide - elucidation of organ-specificity and the
role of oxidative stress. Mutation Research,
743(1-2), 1-9. DOI: 10.1016/j.mrgentox.2011.
10.017

Guo, H., Deng, H., Liu, H., Jian, Z., Cui, H.,
Fang, J., ... Zhao, L. (2021). Nickel carcino-
genesis mechanism: cell cycle dysregulation.
Environmental Science and Pollution Re-
search, 28,4893-4901. DOI: 10.1007/s11356-
020-11764-2

Hacon, S. S., Oliveira-da-Costa, M., Gama, C.
S., Ferreira, R., Basta, P. C., Schramm, A., &
Yokota, D. (2020). Mercury exposure through
fish consumption in traditional communities
in the brazilian northern Amazon.. Interna-
tional Journal of Environmental Research and
Public Health, 17(15), 5269. DOI: 10.3390/
jjerph17155269

Limnetica, 42(2): 203-214 (2023)

Viana et al.

Hansson, S. V., Desforges, J. P., van Beest, F. M.,
Bach, L., Halden, N. M., Sonne, C., ... Sen-
dergaardac, J. (2020). Bioaccumulation of
mining derived metals in blood, liver, muscle
and otoliths of two Arctic predatory fish spe-
cies (Gadus ogac and Myoxocephalus scor-
pius). Environmental Research, 183, 109194.
DOI: 10.1016/j.envres.2020.109194

IBGE - Instituto Brasileiro de Geografia e Es-
tatistica. (2021). URL https://www.ibge.gov.
br/cidades-e-estados/ap/macapa.html.
Acessed in 06/09/22.

Jezierska, B., Lugowska, K., & Witeska, M.
(2009). The effects of heavy metals on em-
bryonic development of fish (a review). Fish
Physiology and Biochemistry, 35, 625-640.
DOI: 10.1007/s10695-008-9284-4

Karunanidhi, K., Rajendran, R., Pandurangan, D.,
& Arumugam, G. (2017). First report on distri-
bution of heavy metals and proximate analysis
in marine edible puffer fishes collected from
Gulf of Mannar Marine Biosphere Reserve,
South India. Toxicology Reports 4, 319-327.
DOI: 10.1016/j.toxrep.2017.06.004

Lopes, M. C. B., Carvalho, G. O., Bernardo, R.
R., Macedo, J., Lino, A. S., Ramalho, E. E., ...
Malm, O. (2020). Total mercury in wild felids
occurring in protected areas in the central Bra-
zilian Amazon. Acta Amazonica, 50(2), 142-
148. DOI: 10.1590/1809-4392201903331

Maceda-Veiga, A., Figuerola, J., Martinez-Sil-
vestre, A., Viscor, G., Ferrari, N., & Pacheco,
M. (2015). Inside the Redbox: applications of
haematology in wildlife monitoring and eco-
system health assessment. Science of the Total
Environment, 514, 322-332. DOI: 10.1016/j.
scitotenv.2015.02.004

Morgano, M. A., Gomes, P. C., Mantovani, D. M.
B., Perrone, A. A. M., & Santos, T. F. (2005).
Niveis de mercurio total em peixes de agua
doce de pisciculturas paulistas. Food Sci-
ence and Technology, 25(2), 250-253. DOI:
10.1590/S0101-20612005000200011

Murray, J. M., & Carr, A. M. (2018). Integrat-
ing DNA damage repair with the cell cycle.
Current Opinion in Cell Biology, 52, 120-125.
DOI: 10.1016/j.ceb.2018.03.006

Nascimento, L. S., Silva, L. O., Azevedo, S.
M., Almeida, R., Almeida, M. G., Azevedo,


https://doi.org/10.1016/j.marpolbul.2018.07.053
https://doi.org/10.1016/j.marpolbul.2018.07.053
https://doi.org/10.1016/j.rsma.2021.101863
https://doi.org/10.1016/j.rsma.2021.101863
https://doi.org/10.1016/j.scitotenv.2020.141604
https://doi.org/10.1016/j.scitotenv.2020.141604
https://doi.org/10.1016/j.scitotenv.2019.134336
https://doi.org/10.1016/j.scitotenv.2019.134336
https://doi.org/10.1016/j.mrgentox.2011.10.017
https://doi.org/10.1016/j.mrgentox.2011.10.017
https://doi.org/10.1007/s11356-020-11764-2
https://doi.org/10.1007/s11356-020-11764-2
https://doi.org/10.3390/ijerph17155269
https://doi.org/10.3390/ijerph17155269
https://doi.org/10.1016/j.envres.2020.109194
https://www.ibge.gov.br/cidades-e-estados/ap/macapa.html
https://www.ibge.gov.br/cidades-e-estados/ap/macapa.html
https://doi.org/10.1007/s10695-008-9284-4
https://doi.org/10.1016/j.toxrep.2017.06.004
https://doi.org/10.1590/1809-4392201903331
https://doi.org/10.1016/j.scitotenv.2015.02.004
https://doi.org/10.1016/j.scitotenv.2015.02.004
https://doi.org/10.1590/S0101-20612005000200011
https://doi.org/10.1590/S0101-20612005000200011
https://doi.org/10.1016/j.ceb.2018.03.006

Bioaccumulation of metals and genotoxic effects in Amazonian Puffer 213

L. S, ... Pestana, I. A. (2022). Spatial-tem-
poral dynamics of Cr in fish from Puruzinho
Lake (Western Amazon) and dietary risk as-
sessment. Chemosphere, 300, 134576. DOI:
10.1016/j.chemosphere.2022.134576

Nurjanah, N., Jacoeb, A. M., Asren, S. M., & Hi-
dayat, T. (2015). Minerals and heavy metals
of Banana Puffer Fish from sea of Region Ge-
bang, Cirebon, West Java. Journal of Agricul-
tural Science and Engineering, 1(1), 28-33.

Oliveira, J. S., Fernandes, S. C. R., Schwartz, C.
A., Bloch Jr, C., Melo, J. A. T., Pires Jr, O.
R., & Freitas, J. C. (2006). Toxicity and toxin
identification in Colomesus asellus, an Ama-
zonian (Brazil) freshwater puffer fish. Toxicon,
48(1), 55-63. DOI: 10.1016/j.toxicon.2006.
04.009

Palermo, F. F., Risso, W. E., Simonato, J. D., &
Martinez, C. B. R. (2015). Bioaccumulation
of nickel and its biochemical and genotox-
ic effects on juveniles of the neotropical fish
Prochilodus lineatus. Ecotoxicology and Envi-
ronmental Safety, 116, 19-28. DOI: 10.1016/].
ecoenv.2015.02.032

Paschoalini, A. L., & Bazzoli, N. (2021). Heavy
metals affecting Neotropical freshwater fish: A
review of the last 10 years of research. Aquat-
ic Toxicology, 237, 105906. DOI: 10.1016/j.
aquatox.2021.105906

Pereira, L. S., Ribas, J. L. C., Vicari, T., Silva, S.
B., Stival, J., Baldan, A. P., ... Silva de Assis,
H.C. (2016). Effects of ecologically relevant
concentrations of cadmium in a freshwater fish.
Ecotoxicology and Environmental Safety, 130,
29-36. DOI: 10.1016/j.ecoenv.2016.03.046

R Development Core Team, 2021. R: a language
and environment for statistical computing. R
Foundation for Statistical Computing, Vienna.
URL http://www.R-project.org.

Rezk, R. A., Galmed, A. H., Abdelkreem, M.,
Abdel Ghany, N. A., & Harith, M. A. (2018).
Detachment of Cu (II) and Co (II) ions from
synthetic wastewater via adsorption on Lates
niloticus fish bones using LIBS and XRF.
Journal of Advanced Research, 14, 1-9. DOL:
10.1016/j.jare.2018.05.002

Ribeiro, D. R. G., Faccin, H., Molin, T. R.D.,
De Carvalho, L. M., & Amado, L. L. (2017).
Metal and metalloid distribution in different

environmental compartments of the middle
Xingu River in the Amazon, Brazil. Science of
the Total Environment, 605-606, 66-74. DOI:
10.1016/j.scitotenv.2017.06.143

Rico, A., De Oliveira, R., Silva de Souza Nunes,
G., Rizzi, C., Villa, S., Vizioli, B. de C., ... Wa-
ichman, A. V. (2022). Ecological risk assess-
ment of pesticides in urban streams of the Bra-
zilian Amazon. Chemosphere, 291, 132821.
DOI: 10.1016/j.chemosphere.2021.132821

Santos, G. M., Juras, A. A., Mérona, B., Jégue, M.
(2004). Peixes do baixo rio Tocantins. 20 anos
depois da Usina Hidrelétrica Tucurui. Eletro-
norte, Brasilia, Brazil.

Sa-Oliveira, J. C., Ferrari, S. F., Vasconcelos, H.
C. G., Mendes-Junior, R. N. G., Aragjo, A. S.,
Costa-Campos, C. E., ... Isaac, V. J. (2016).
Restoration effects of the riparian forest on
the intertidal fish fauna in an urban area of the
Amazon River. The Scientific World Journal,
2016, 1-9. DOI: 10.1155/2016/2810136

Souza-Araujo, J., Hussey, N. E., Hauser-Davis,
R. A., Rosa, A. H., Lima, M. O., & Giarrizzo,
T. (2022). Human risk assessment of toxic ele-
ments (As, Cd, Hg, Pb) in marine fish from the
Amazon. Chemosphere, 301, 134575. DOL:
10.1016/j.chemosphere.2022.134575

Tuzuki, B. L. L., Delunardo, F. A. C., Ribeiro,
L. N., Melo, C. P., Gomes, L. C., & Chippari-
Gomes, A. R. (2017). Effects of manganese
on fat snook Centropomus parallelus (Ca-
rangaria: Centropomidae) exposed to differ-
ent temperatures. Neotropical ichthyology,
15(4), e170054. DOI: 10.1590/1982-0224-
20170054

Urien, N., Cooper, S., Caron, A., Sonnenberg,
H., Rozon-Ramilo, L., Campbell, P. G. C., &
Couture, P. (2018). Subcellular partitioning of
metals and metalloids (As, Cd, Cu, Se and Zn)
in liver and gonads of wild white suckers (Ca-
tostomus commersonii) collected downstream
from a mining operation. Aquatic toxicology,
202, 105-116. DOI: 10.1016/j.aquatox.2018.
07.001

Uysal, K., Emre, Y., & Kose, E. (2008). The
determination of heavy metal accumulation
ratios in muscle, skin and gills of some mi-
gratory fish species by inductively coupled
plasma optical emission spectrometry (ICP-

Limnetica, 42(2): 203-214 (2023)


https://doi.org/10.1016/j.chemosphere.2022.134576
https://doi.org/10.1016/j.chemosphere.2022.134576
https://doi.org/10.1016/j.toxicon.2006.04.009
https://doi.org/10.1016/j.toxicon.2006.04.009
https://doi.org/10.1016/j.ecoenv.2015.02.032
https://doi.org/10.1016/j.ecoenv.2015.02.032
https://doi.org/10.1016/j.ecoenv.2016.03.046
https://doi.org/10.1016/j.aquatox.2021.105906
https://doi.org/10.1016/j.aquatox.2021.105906
http://www.R-project.org
https://doi.org/10.1016/j.jare.2018.05.002
https://doi.org/10.1016/j.jare.2018.05.002
https://doi.org/10.1016/j.scitotenv.2017.06.143
https://doi.org/10.1016/j.scitotenv.2017.06.143
https://doi.org/10.1016/j.chemosphere.2021.132821
https://doi.org/10.1155/2016/2810136
https://doi.org/10.1016/j.chemosphere.2022.134575
https://doi.org/10.1016/j.chemosphere.2022.134575
https://doi.org/10.1590/1982-0224-20170054
https://doi.org/10.1590/1982-0224-20170054
https://doi.org/10.1016/j.aquatox.2018.07.001
https://doi.org/10.1016/j.aquatox.2018.07.001

214

OES) in Beymelek Lagoon (Antalya/Turkey).
Microchemical Journal, 90(1), 67-70. DOI:
10.1016/j.microc.2008.03.005

Vazzoler, A. E. A. M. (1996). Biologia da repro-
ducgdo de peixes teleosteos: Teoria e prdtica.
EDUEM/SBI, Sao Paulo, Brazil.

Viana, L. F., Cardoso, C. A. L., Lima-Junior, S.
E., Suarez, Y. R., & Florentino, A. C. (2020).
Bioaccumulation of metal in liver tissue of
fish in response to water toxicity of the Ara-
guari-Amazon River, Brazil. Environmental
Monitoring and Assessment, 192, 781. DOL:
10.1007/s10661-020-08696-2

Viana, L. F., Kummrow, F., Cardoso, C. A. L.,
De Lima, N. A., Solorzano, J. C. J., Crispim,
B. A., ... Florentino, A. C. (2021). High con-
centrations of metals in the waters from Ara-
guari River lower section (Amazon biome):
Relationship with land use and cover, ecotox-
icological effects and risks to aquatic biota.
Chemosphere, 285, 131451. DOI: 10.1016/j.
chemosphere.2021.131451

Viana, P. F., Ezaz, T., Marajo, L., Ferreira, M.,
Zuanon, J., Cioffi, M. B., ... Feldberg, E.
(2017). Genomic organization of repetitive
DNAs and differentiation of an XX/XY sex
chromosome system in the Amazonian Puffer
Fish, Colomesus asellus (Tetraodontiformes).

Limnetica, 42(2): 203-214 (2023)

Viana et al.

Cytogenetic and Genome Research, 153(2),
96-104. DOI: 10.1159/000484423

Vicentini, M., Fernandes, L. S. P., Marques, A. E.
M. L., Osério, F. H. T., Baika, L. M., Risso, W.
E., ... Silva de Assis, H. C. (2022). Effects of
cadmium on the female reproductive axis of a
Neotropical fish. Chemosphere, 286, 131639.
DOI: 10.1016/j.chemosphere.2021.131639

Vieira, J. L. F., & Passarelli, M. M. (1996). De-
termina¢do de mercurio total em amostras de
agua, sedimento e sélidos em suspensao de
corpos aquaticos por espectrofotometria de
absorcao atdmica com gerador de vapor a frio.
Revista de Saude Publica, 30(3), 256-260.
DOI: 10.1590/S0034-89101996000300008

Weber, A. A., Sales, C. F., De Souza Faria, F.,
Melo, R. M. C., Bazzoli, N., & Rizzo, E.
(2020). Effects of metal contamination on liv-
er in two fish species from a highly impacted
neotropical river: A case study of the Fundao
dam, Brazil. Ecotoxicology and Environ-
mental Safety, 190, 110165. DOI: 10.1016/.
ecoenv.2020.110165

Wolf, J. C., & Wheeler, J. R. (2018). A critical re-
view of histopathological findings associated
with endocrine and non-endocrine hepatic tox-
icity in fish models. Aquatic Toxicology, 197,
60-78. DOI: 10.1016/j.aquatox.2018.01.013


https://doi.org/10.1016/j.microc.2008.03.005
https://doi.org/10.1016/j.microc.2008.03.005
https://doi.org/10.1007/s10661-020-08696-2
https://doi.org/10.1007/s10661-020-08696-2
https://doi.org/10.1016/j.chemosphere.2021.131451
https://doi.org/10.1016/j.chemosphere.2021.131451
https://doi.org/10.1159/000484423
https://doi.org/10.1016/j.chemosphere.2021.131639
https://doi.org/10.1590/S0034-89101996000300008
https://doi.org/10.1016/j.ecoenv.2020.110165
https://doi.org/10.1016/j.ecoenv.2020.110165
https://doi.org/10.1016/j.aquatox.2018.01.013



