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Abstract

Estuaries are constantly subject to continuous environmental impacts of human activities, such as fisheries,
port or industry, and domestic sewage, with fish being one of the most affected aquatic animals, reflecting the
impacts directly on their bodies. Thus, the aim of this study was to carry out the biomonitoring of an estuary
located on the Amazonian Equatorial Coast through analysis of PAHs (Polycyclic Aromatic Hydrocarbons) in the
water, in addition to trace metals, histopathological alterations and analysis of erythrocyte micronuclei in Sciades
herzbergii. S. herzbergii was used as a model species, due to its estuarine-resident behavior. Gonad and gill samples
were subjected to histopathological evaluations. The quantification of trace metals was performed in samples of
skeletal muscles of the animals collected, where concentrations of Lead (Pb), Copper (Cu), Zinc (Zn), Cadmium (Cd),
Magnesium (Mg), Iron (Fe) and Aluminum (Al) were found. Except for Cadmium (Cd), all the concentrations were
above the recommended limits. The PAHs analysis revealed the presence of Naphthalene and Acenaphthene in the
water samples Histopathological and genotoxic analyses revealed of lesions in 100% of the study specimens. Thus,
the histological and genotoxic alterations found in 100% of S. herzbergii specimens captured in Sdo José Bay-MA
are potentially associated with PAH concentrations present in the water. These results are potentially associated
with the presence of PAH and trace metals, both in water and in animal tissues, inferring a general scenario of
environmental contamination which directly implies a risk to the health and survival of the local biota. This study
shows the relevance of continuous biomonitoring of estuarine ecosystems, in order to guide authorities regarding
sewage management and ensure the evolutionary development of estuarine species, especially fishes of importance
in the local cuisine, therefore related to human food security.

Keywords: biomonitoring, ecotoxicology, chemical compounds, trace metals, polycyclic aromatic hydrocarbon.

Resumo

Os estuarios estdo constantemente sujeitos a impactos ambientais de atividades antropogénicas, como pesca,
movimentagdo portudria, inddstria ou esgoto doméstico, onde os peixes sdo um dos animais aquaticos mais
atingidos, sendo capazes de refletir os impactos diretamente em seu organismo. Assim, o objetivo desse estudo
foi realizar o biomonitoramento de um estuario da Costa Equatorial Amazonica por meio de analises de PAHs
(Hidrocarboneto Policiclico Arométicos) na agua, além de metais tracos, alteracdes histopatoldgicas e analises
de microntcleos eritrocitarios em Sciades herzbergii.. O S. herzbergii foi utilizado como espécie modelo, devido
seu comportamento estuarino residente. Amostras de gonadas e branquias foram submetidas a avaliagdes
histopatolégicas. A quantificacdo de metais tracos foi realizada em amostras de misculos esqueléticos dos animais
coletados, onde foram encontrados teores de Chumbo (Pb), Cobre (Cu), Zinco (Zn), Caidmio (Cd), Magnésio (Mg),
Ferro (Fe) e Aluminio (AL), e foram encontradas em concentragdes acima dos limites recomendados, a exce¢do
do Cadmio (Cd). A andlise dos PAHs revelou a presenca de Naftaleno e Acenafteno nas amostras de dgua. Analises
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histopatoldgicas e genotoxicas revelaram lesdes em 100% dos espécimes estudados, resultados estes, potencialmente
associados a presenca de PAH e de metais tracos, tanto na agua quanto nos tecidos animais, comprovando um
cendrio geral de contamina¢ao ambiental implicando diretamente em risco a satide e sobrevivéncia da biota local.
Esse estudo mostra a relevancia do biomonitoramento continuo dos ecossistemas estuarinos, afim de nortear
autoridades no manejo de efluentes e assegurar o desenvolvimento evolutivo de espécies estuarinas, sobretudo
dos peixes de importancia na culindria regional, diretamente relacionados a seguranca alimentar humana.

Palavras-chave: biomonitoramento, ecotoxicologia, contaminantes quimicos, metais tragos, hidrocarboneto

policiclico aromatico.

1. Introduction

Estuaries are coastal environments located between the
mainland and the sea, in the transition zone (Kennish, 1992).
Due to their location, estuaries are subject to industrial and
domestic pollution, accumulating excessive amounts of
chemical elements (Meng and Liu, 2010). In the island of
Maranhdo, located on the Equatorial Coast of the Brazilian
Amazon, estuaries are influenced by contaminants as trace
metal, fuel oils, ores released by activities in the port region
(Gonzélez-Gorbefia et al., 2015), and by domestic sewage
(Franga et al., 2013). Which can be harmful to animal and
human health.

Trace metals and PAHs in aquatic environments might
bioaccumulate in the fish organism, due to direct contact
with water and also through food, after consuming
smaller organisms that inhabit that environment (van
der Oost et al., 2003). Their ingestion in large quantities
may cause chronic poisoning (Oliveira and Poletto, 2020).
Considered priority pollutants (Martins et al., 2015) the
PAHs (Polycyclic Aromatic Hydrocarbons), are composed of
fused benzene rings originated from petroleum (Douben,
2003). These compounds are known to be carcinogenic,
immunotoxic, teratogenic and mutagenic, posing a risk
to human health (Martins et al., 2015) and marine life
(Silva et al., 2006).

Fish are one of the vertebrate superclasses most affected
by contaminants. Sciades herzbergii, is an abundant species
on the North-Northeast coast of Brazil, being an important
food resource for traditional fishing communities in the
region (Sousa et al., 2013). It is a species of demersal
habits that, throughout its biological cycle, resides in the
estuary (non-migratory) where it grows and reproduces
(Giarrizzo and Saint-Paul, 2008). According to Krumme
and Matthias (2008), the diet of S. herzbergii is based on
benthic invertebrates and crustaceans which makes them
have greater contact with estuarine substrates.

Histological analysis is considered one of the most
efficient techniques to investigate contamination of the
aquatic environment. It is very sensitive in diagnosing toxic
effects that directly affect animal tissues (Albinati et al.,
2009). Cellular genotoxic biomarkers are also important
bioindicators of contamination, as the presence of
micronuclei in erythrocytes from aquatic animals can
prove the occurrence of a genetic mutation (Souza and
Fontanetti, 2006).

Considering the increase in human activities close to
estuarine environments and the continuous need to monitor
these regions due to their importance for the ecosystem
and public health, in this work we aim to quantify PAHs
and histological and genotoxic biomarkers in Sciades
herzbergii in an estuary on the Amazon Equatorial Coast.
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Our hypothesis is that resident estuarine fish may present
histological and genotoxic damage due to the presence
of chemical contaminants in the water and, in addition,
they serve as reference indicators for biological damage
resulting from environmental pollution”.

2. Material and Methods

2.1. Port areas and sampling

The study area is located near the main artisanal
fishing ports in the island of Maranhdo, an island of
great importance along the Amazonian Coast, where the
largest Brazilian port complex is located (2°31°51.30”S 44°
5'24.40"W) (See Figure 1). The catches were carried out
with a trap made of wood covered by a polyethylene mesh,
popularly known as manzud or covo. During sampling, in-
situ physical and chemical data were obtained, including
water temperature, salinity, pH, and dissolved oxygen.
The multiparameter kit was used in situ (Asko®, modelo
AK 88).

2.2. Experimental draw

This is a descriptive cohort study of 68 individuals
of Sciades herzbergii (44 females and 24 males), length
between 25 and 40 cm were collected in Sdo José Bay, Island
of Maranhdo, Amazonian Equatorial Coast, in 4 stages,
between the years 2020 and 2021. After collection, the
following parameters were measured: total weight (TW),
eviscerated weight (EW), total length (TL), partial length
(PL) and furcal length (FL). Then the specimens were
anesthetized with benzocaine (1.0g/10L in estuary water),
previously diluted in ethanol (Ferreira et al., 1984), and
blood samples were taken from the branchial vasculature
(about4 mL)using 0.7 x 25 mm needles and insulin syringes
lightly moistened with anticoagulant (Liquemine®, Roche)
(Santos et al., 2009), immediate preparation of whole
blood smear on microscopy slides, in order to evaluate the
presence of micronuclei in erythrocytes (Fenech, 2000).

After blood collection, the specimens were again
submerged in water containing 3% Benzocaine for the
cessation of opercular movements, loss of skin sensitivity
and death (Santos et al., 2009), and transported in thermal
boxes with ice to the Laboratory of Technology Applied to
the Reproduction and Production of Nektonic Organisms
(TARPON) of the Federal University of Maranhdo (UFMA).
In the laboratory, the specimens were eviscerated. After
characterization, the gonads were weighed on an analytical
balance with a precision of 0.01 grams to calculate the
Gonadosomatic Index (GSI). Then, the gonads were fixed
in Bouin’s solution (75 mL of saturated picric acid solution,
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Figure 1. Sampling site: Sdo José Bay, in the Island of Maranhdo, Brazil.

20 mL of 37-40% formaldehyde and 5 mL of glacial acetic
acid). The gill arches were fixed in 10% formalin for 24 hours
and then decalcified in 10% nitric acid for 6 hours (Poleksic
and Mitrovic-Tutundzic, 1994). After fixation, the medial
portion of the gonads of both ovaries and the second gill
arches were removed to be subjected to usual histological
routine Louiz et al. (2009).

2.3. Analysis of metals in fish muscles

Muscle samples were collected from the 68 captured
specimens and dried in an oven at 50°C., macerated and
stored in propylene bottles. Approximately 1 to 2 grams
(dry weight) was used to determine trace elements, by
the EPA 3050 B method - SMEWW 23rd Edition - Method
- 3130B. Soon after, acid digestion was carried out with
nitric acid HNO3 (65%, Merck®) and hydrogen peroxide
(37%, Merck®). Trace elements (Cu, Zn, Fe, Mg, Al, Pb and
Cd) were determined using inductively coupled plasma
optical emission spectrometry. (ICP-OES Optima 8300,
Perkin Elmer®). The recommended standard for trace
elements in fish muscle is showed in Table 1, according
to Decree (Brasil, 1965); Brasil (2005a, 2013, 2021) and
FAO (1983, 2003).

2.4. Chemical analysis of water

Polycyclic Aromatic Hydrocarbons were analyzed
according to CONAMA (Resolution N° 454/2012). The water
was collected directly in amber bottles previously washed
by immersion in a 5% neutral laboratory detergent
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(Extran® MA 02, Merck Millipore). The samples were
stored on ice and transported to the Research Laboratory
in Analytical Chemistry (LPQA) of the Federal University
of Maranhdo (UFMA). Then, the electroanalytical
technique of differential pulse voltammetry (DPV) (Mota,
2019), was used to identify the Polycyclic Aromatic
Hydrocarbons (PAHs). The voltammetric experiments were
carried out in a potentiostat (pautolab-II, Ecochemie®),
coupled to a computer equipped with a GPES interface
(Metrohm-Autollab®). For adjustments of the hydrogenic
concentration, a pH meter model Analyzer model pH 300®
with coupled glass electrode, calibrated with commercial
buffers of pH 4.7 and 10 was used. (Merck®). For the
electroanalytical procedure, Britton Robinson (BR) buffer
solution with a concentration of 0.2 mol/L and with pH
2.0 previously standardized with sodium hydroxide (NaOH)
0.1 mol/L" was used. The electrochemical experiments
were performed in an electrochemical cell made of Pyrex
glass (10ml) containing the electrodes: Ag/AgCl containing
3.0 mol/L" KCl, as reference electrode, platinum electrode
(Pt) as auxiliary electrode and glassy carbon eletrode (GCE),
as working electrode. The area of GCE is 0.123 cm?, to
evaluate the presence of naphthalene and acenaphthene
in the water. The PAHs values were compared with Brasil
(2012, 2005b) and NOAA (2015) resolutions.

2.5. Biomarkers analysis

Histological analysis of reproductive/gonadal damage
in females were performed according to Louiz et al. (2009)
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and Vigano et al. (2010). In males, characterizations were
performed according to Louiz et al. (2009). The histological
alterations of the gills were classified according to (Poleksic
and Mitrovic-Tutundzic, 1994). Histological readings were
performed with the aid of a light microscope with 10x
and 40x objectives.

Erythrocytes analyzes were performed by reading
2000 cells from each fish, using a 100x objective, where
the presence or absence of micronucleus-type anomalies
was identified (Fenech, 2000). The photomicrographs
of the lesions were captured in a photomicroscope
(AXIOSKOP®, Zeiss).

2.6. License and ethics declaration

The research protocol was approved by the Ethics
Committee for the Use of Animals (CEUA) of the Federal
University of Maranhdo, in accordance with Law N° 11794,
of October 8, 2008, Decree N° 6899, of July 15, 2009, and
with the rules issued by the National Council for the Control
of Animal Experimentation (CONCEA), registered under
protocol number 23115.030805/2018-23. The SISBIO/ICMBio
license protocol was also obtained (number 65479-1).

2.7. Statistical analysis

The relationship between the variables was studied
through the principal component analysis (PCA) method,
using the Statistica 7.1 (TIBCO Software Inc., California,
USA) (Statsoft, Inc. Statistica) data analysis software
(StatSoft, 2007), producing a two-axis graph to illustrate the
importance of the main components in the total variation.

3. Results

3.1. Chemical analysis of water

During the sampling, the physicochemical characteristics
of the water were within the recommended by resolutions
n®357/2005 and 430/2011 of the National Council for the
Environment - CONAMA (pH 7.08; temperature 29.3 °C;
salinity 18.32%), except for dissolved oxygen (4.1 mg/L),

which was below the standard established for brackish
water (> 5 mg/L) (Brasil, 2005b).

Regarding the PAHs, the values found for Acenaphthene
and Naphthalene were 0.678mg/L and 0.024mg/L
respectively (See Figure 2).

3.2. Analysis of metals in fish muscle

The concentrations of metals (as shown in the Table 1).
Lead, Zinc, Iron, Magnesium concentrations are above
those recommended by the guidelines and legal limits
established by the NATIONAL HEALTH SURVEILLANCE
AGENCY (ANVISA), resolutions RDC 42/2013 and DC No.
88 OF 03/26/2021, Decree No. 55,871 (March 26, 1965), and
by the Food and Agriculture Organization of the United
Nations (FAO) 1983 and 2003. FAO does not establish limit

15

0.6 0.8 170 1?2 1.4 1.6
E/V vs Ag/AgCI

Figure 2. Differential Pulse Voltamograms using ECV/CoPc at
different concentrations of Acenaphthene and Naphthalene
respectively (1) real sample; (2) 0.0383 mg/L and 0.0319 mg/L(0.249
pmol L' and 0.249 umol L); (3) 0.0766 mg/L and 0.0637 mg/L
(0.497 pmol L' and 0.497 pmol L); (4) 0.0152 mg/L and 0.0126 mg/L
(0.99 pmol L' and 0.99 pmol L") of buffer solution BR 0.2 mol L,
pH2,v=0.025V s

Table 1. Mean and standard error of metals monitored in the surface waters of Sdo José Bay, Brazil.

Bay of Sdo José-MA

mg/Kg REFERENCE | BRAZIL FAO LQ Mg/Kg
Al (Total) 384.98 (SE+6.63) - --- 0.10
Pb (Total) 1.17 (SE+0.06) 0.30 mg/Kg * 0.5 mg/Kg***** 0.10
Cd (Total) <0.100 0.05 mg/Kg * 0.1 mg/Kg***** 0.100
Cu (Total) 3.16(SE+0.42) 30.0 mg/Kg ** 30 mg/Kg*** 0.20
Zn (Total) 50.62 (SE£9.94) 50.0 mg/Kg ** 30 mg/Kg*™*** 0.01
Fe (Total) 152.55(SE+3.06) 14 mg/day*** - 0.05
Mg (Total) 840.15 (SE+16.77) 260 mg/day*** - 0.10

Al = Aluminum; Pb = Lead; Cd = Cadmium; Cu = Copper; Zn = Zinc; Fe = Iron; Mg = Magnesium; SE = standard error; --- No limit concentration
for aluminum consumption in foods in the Brazilian legislation. “ANVISA RDC42/2013 and ANVISA/Decree N°® 88, March 26, 2021 (Brasil, 2013,
2021); **Decree n® 55.871, March 26, 1965 (Brasil, 1965); ***Resolution-RDC N°® 269, SEPTEMBER 22, 2005 (Brasil, 2005a); ****FAO. Heavy
Metals Regulations Legal Notice No 66/2003 (FAO, 2003); *****FAO. Compilation of legal limits for Hazardous substance in fish and fishery

products (FAO, 1983).
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concentrations for Aluminum, Iron and Magnesium in fish
meat. Also, there is not a limit concentration established
for Aluminum in fish meat in the Brazilian resolutions.

3.3. Biomarkers analysis

Total weight average was 345.82 + 26.94¢g (ranging
from 117 to 1200g), and total length average was 32.01 =
0.57 cm (ranging from 24 to 43 cm). The GSI average was
1.34 + 0.27 g (ranging from 0.03 to 12 g).

The histological analysis of the gonads and gills showed
several alterations which were detected in all specimens
(see Figure 3).

The following alterations in the reproductive organs of
the fish were observed: Melanomacrophages, found in the
ovaries and testicles of all individuals, with a frequency
(males and females) of 4.81%, SE 0.52; Atretic oocytes and
cytoplasmic Retraction, alterations found only in ovaries, with
frequencies of 2.88%, SE 0.61, and 5.69%, SE 1.13 respectively.

Chemical and histological analyses of the Bay of Sdo José-MA.

Alterations in the gill morphology were: Hyperplasia
with frequency of 16.11£1.89%, Displacement the lamellar
epithelium (40.76+3.08%), Congestion (6.51+0.87%) and
Lamellar fusion (6.51+1.07%). The micronucleus frequency
reported in this study represent basal rates (2.95+0.19%).

The association between Gonadossomatic Index
and genotoxic biomarkers on the Ovaries and Gills was
investigated through Principal Component Analysis (PCA)
(as shown in Figure 4).

Results have shown that the two main components,
altogether, explained 41.48% of total data variation.
GED was the most representative variable in Component
1, since they presented longer-length vectors that were
closer to 1 the Component 1 axis. GHL and GLF were the
variables that mostly contributed to Component 2. They
were highly inversely related to each other, but they were
not related to ovarian histopathologic biomarkers nor with
GSI. MN, MMC and RET have shown strong association

Figure 3. Main cellular damage in Sciades herzbergii collected in the community of Pau Deitado, Sdo José Bay-MA, in 2020 and 2021.
(S.E=Standard Error). (A) (40x) Gonad-Melanomacrophages of males (Me/arrow); (B) (40x) Gonad: Melanomacrophages of females
(Me/arrow); (C) (20x) Gonad-Atretic oocytes (At/arrow); (D) (20x) Gonad-Cytoplasmic retraction (Cr/arrow); (E) (40x) Gill-Hyperplasia
(Hy/arrow); (F) (20x) Gill-Displacement of the epithelium (De/arrow); (G) (20x) Gill-Congestion (Co/arrow); (H) (40x) Gill-Lamellar

fusion (Lf/arrow); (I) (100x) Blood-Micronucleus (Mi/arrow).

Brazilian Journal of Biology, 2022, vol. 82, 267996
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Figure 4. Biplot of Principal Component Analysis (PCA) applied
to the association between variables, Gonadossomatic Index and
genotoxic biomarkers on the Ovaries and Gills in S. herzbergii at
Sdo Jose Bay. GSI = gonadossomatic index; ATR = atresic ovarian
follicles; MMC = ovarian melanomacrophagus; RET = oocyte
cytoplasmatic retraction; MN = micronucleus; GHL = gill hyperplasia;
GLF = gill lamellar fusion; GC = gill lamelar congestion; GED = gill
epithelium displacement.

with each other and with GSI, since they formed acute
angles between their respective vectors.

4. Discussion

Initially, this research highlights it is worth that when
dealing with biological research associated with wild fish
in their natural habitat, characteristics such as selectivity
for fishing gear, local fishing pressure, time of year, and
effluent leaching, etc., can be determinants of significant
biological variation between different studies. Nevertheless,
in our research, we have presented scientific evidence that
the pollutants affected the development and reproduction
potential of Sciades herzbergii under conditions presented
in the methodology.

The physicochemical analysis of Sdo José Bay waters
indicated dissolved oxygen below the limits allowed by
the regulatory agencies. Dissolved oxygen is an indicator
of environmental conditions, since organic matter from
domestic sewage and released into the aquatic environment
causes changes in the oxygen balance (Cunha et al., 2011).
Cantanhede et al. (2016) in previous studies reported low
oxygen saturation in estuarine waters after histological
and genotoxic study in Centropomus undecimalis (Bloch,
1792) around the Island of Maranhdo.

Chemical analyses (PAHs) of the water were also
performed, and the results are in disagreement with the
regulatory agencies. The CONAMA (Conselho Nacional do
Meio Ambiente), through the resolution n°454 2012 does
not establish minimum values for Acenaphthene and
Naphthalene in brackish waters. However, when the lowest
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reference value of PAHs is observed in the resolution
(0.052 mg/L), the values found in this study are above
the suggested for other PAHs (Brasil, 2005b). On the other
hand, if we consider the values recommended by NOAA
(National Oceanic and Atmospheric Administration) that
allow up to 2.35mg/L for Naphthalene, and 0.0097 mg/L for
Acenaphthene (NOAA, 2015), we observe that Naphthalene
concentrations are below and Acenaphthene concentrations
are above the recommended by NOAA, which indicates
that the study area has low PAHs concentrations,
although it shows a low level of contamination. Pinheiro-
Sousa et al. (2021) when analyzing estuaries in the North
of the Brazilian Amazon, identified trace elements and
PAHs in sediments in the region, which explains the
changes in the lamellar structure of the gills and also the
increasing oxidative stress in the specimens collected.
Considering anthropogenic activities such activities may
cause an increase in chemical/organic compounds in the
environment, which can affect the aquatic organisms that
live there, and also human health.

The analysis of metals showed that the muscles analyzed
are suffering some level of environmental contamination,
once the results showed concentrations above those
allowed by national and international resolutions, which
are the maximum limits for detection and consumption
of this meat. The resolutions establish maximum values
for Pb of 0.30 mg/Kg (Brasil, 2013) and 0.5 mg/Kg by FAO,
Cu 30 mg/Kg (Decree No. 55.871 of 1965) and 30 mg/Kg
(FAO, 2003),Zn 50 mg/Kg (Decree No. 55,871 of 1965) and
30 mg/Kg (FAO, 2003), Cd of 0.05 mg/Kg (Brasil, 2013) Cd
of 0.1mg/Kg (FAO, 2003) for fish meat, showing that the
results of Pb, Cu and Zn are above those allowed by the
agencies. Cd is within the limits. Although ANVISA and
FAO do not establish maximum limits of Mg, Fe and Al in
fish muscle, ANVISA does recommend a daily intake (RDI)
of 260 mg per day for adults and 14 mg/day for children
(Brasil, 2005a).

Altered metal levels were previously found in Sdo
José Bay by Noleto et al. (2021), and Ribeiro et al. (2020)
when studying metals in oysters of the Cassostrea
genus (Sacco, 1897). Barbieri et al. (2010), also found
accumulation of trace metals in the muscle of Cathorops
spixii (Agassiz, 1829), in an estuary located in Aracajd-
SE, characterizing direct connection with the life cycle
and feeding habits of the catfish to a higher incidence
of contaminants in its organism. Masood et al. (2021)
studying Ctenopharyngodon idella (Valenciennes, 1844)
observed that high concentrations of zinc might cause
mortality, showing that human fishing activity and the
disposal of domestic effluents in the region may be
causing contamination. According to von Sperling (1996)
sewage is made up of organic and inorganic matter, such
as sugars, oils, proteins, fats, microorganisms, organic
salts, components of sanitizing products (such as soap,
detergents, disinfectants), salts formed by chlorides,
sulfates, nitrates, phosphates, sodium, calcium, potassium,
iron and magnesium (von Sperling, 1996).

According to the biometric averages found for the
animals in this study, these values may be directly
affected by the level of contaminants found in the aquatic
environment (Noleto et al., 2021). According to Ribeiro et al.
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(2012) species that inhabit impacted areas use the energy
stock available to grow to perform detoxification. It is
known that animals that live in contaminated environments
are likely to have inadequate maturation of the gonads
(Vazzoler, 1996) due to the inhibition of estrogen-induced
by pollutants (Kime, 1995). Excess of some contaminants
in aquatic environments might directly affect the
reproductive system of fish, affecting the continuity of
the specie (Kime, 1995).

Contaminants are also capable of causing several
histological changes in animals. In this study, some of
these alterations were observed, such as the appearance
of melanomacrophages, which are cells belonging to the
nonspecific immune system (Louiz et al., 2009) and are
closely associated with chronic inflammatory processes.
Furthermore, the presence of this inflammation in the
individual is related to the level of stress it is experiencing,
often due to exposure to chemicals (Marty et al., 2003).
The presence of melanomacrophages was also identified
by Marty et al. (2003) when analyzing fish organs that had
direct contact with an aquatic environment contaminated
with PAHs. Other alterations in the reproductive level also
found in this study area, oocyte atresic and cytoplasm
retention, which can be found naturally in their ovaries
(Louiz et al., 2009; Dutta and Maxwell, 2003) or may
appear and increase under the interference of contaminants
causing a decrease in the reproduction rates of the
individuals (Louiz et al., 2009), also identified in Gobius
Niger from the Bizerta-Tunisia lake by Louiz et al. (2009).

About the gill alterations, hyperplasia, displacement of
the lamellar epithelium, congestion, and lamellar fusion,
were observed. These alterations are due to the attempt of
the organism to defend itself against pollutants. However,
it is a process carried out by the gills, which affects the
respiration and survival of organisms, as they cause
derangements in their blood flow structures (Camargo
and Martinez, 2007). These changes may be reversed with
the improvement of water quality or may be progressive
in cases of persistent exposure (Poleksic and Mitrovic-
Tutundzic, 1994). Some of these alterations were also
found by Castro et al. (2018) when analyzing catfish of
the species Sciades herzbergii in estuarine environments,
seeking to identify the impact of anthropization in the
aquatic environment. Medeiros et al. (2020), also identified
lamellar changes in gills of Geophagus iporangensis fish
(Haseman, 1911), subjected to different concentrations of
zinc and cadmium. Barbieri et al. (2016) identified changes
in Oreachomis niloticus (Lineus, 1759) when exposed to
lead and carbon, proving that the association of these
metals, even at low concentrations, interfered with the
respiratory capacity of the individuals studied.

In this study, all organisms showed some level of the
alteration as a result of DNA damage. Cantanhede et al.
(2016) studied Centropomus undecimalis (BLOCH, 1792)
two different estuaries in the Southeast region of Brazil
and, in both, the presence of metals interfered not only
with the genetics, but also with the biochemistry and
morphology of aquatic organisms.

This work, as well as other studies carried out previously
with specimens of Sciades herzbergii in estuaries belonging
to the North Amazon coast (Pinheiro-Sousa et al., 2021;
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Castro et al., 2018) indicates that contaminants present in
these environments lethal or chronically alter the health
of animals that live there. It can then be suggested that
the organisms of Sdo José Bay are under some influence of
chemicals. Thus, the histological and genotoxic alterations
found in 100% of S. herzberg specimens captured in the
Sdo José Bay-MA are potentially associated with the
concentrations of PAHs found in the water and metals
found in the muscles of the animals collected. Thus, it is
necessary to systematize the biomonitoring in the region, to
mitigate the harmful effects on the environment and food
riverside communities. It is concluded that S. herzbergii is
a good bioindicator of estuarine pollution, because due
to its sensitivity, life cycle and food, its body can respond
to an environment with the presence of metals and PAHs.

Acknowledgements

The authors thank the Laboratory of Technology
Applied to Reproduction and Production of Nektonic
Organisms (TARPON/UFMA), Laboratory of Molecular
Biology (LABIMOL/UEMA), Research Laboratory in
Analytical Chemistry (LPQA/UFMA CAPES/PROCAD-AM
2018 - Line 2; Number SCBA: 88887.200615/2018-00; ANP
(QUALIPETRO N* 1.028/2021-ANP-PMQC) and Laboratory of
Animal Morphophysiology/UEMA and the Biodiversity and
Biotechnology Program of the Legal Amazon (BIONORTE/
UFMA) for their assistance in the laboratory analysis. We
also thank the Brazilian agencies CAPES (Coordination for
the Improvement of Higher Education Personnel, Financial
Code 001) and FAPEMA (Foundation for scientific research
and Development of Maranhdo) for the financial support.

References

ALBINATI, A.C.L., MOREIRA, E.L.T., ALBINATI, R.C.B., CARVALHO, J.V.,
LIRA, A.D., SANTOS, G.B. and VIDAL, L.V.0., 2009. Biomarcadores
histoldgicos: toxicidade cronica pelo Roundup em piaugu
(Leporinus macrocephalus). Arquivo Brasileiro de Medicina
Veterindria e Zootecnia, vol. 61, no. 3, pp. 621-627. http://dx.doi.
0rg/10.1590/S0102-09352009000300015.

BARBIERI, E., PASSOS, E.A., ARAGAO, K.A., SANTOS, D.B. and
GARCIA, C.A., 2010. Assessment of trace metal levels in catfish
(Cathorops spixii) from Sal River Estuary, Aracaju, State of
Sergipe, Northeastern Brazil. Water Environment Research,
vol. 82, no. 12, pp. 2301. http://dx.doi.org/10.2175/10614300
9X12465435982935. PMid:21214023.

BARBIERI, E., CAMPOS-GAREIA, J., MARTINEZ, D., SILVA, ]., ALVES, O.
and REZENDE, K., 2016. Histopathological effects on gills of Nile
Tilapia (Oreochromis niloticus, Linnaeus, 1758) exposed to Pb and
Carbon nanotubes. Microscopy and Microanalysis, vol. 22, no. 6,
pp. 1162-1169. http://dx.doi.org/10.1017/S1431927616012009.
PMid:27998365.

BRASIL, 1965 [viewed 10 September 2022]. Decreto n® 55871, de
26 de margo de 1965. Modifica o Decreto n® 50.040, de 24 de
janeiro de 1961 referente a normas reguladoras do emprego de
aditivos para alimentos, alterado pelo Decreto n® 691, de 13 de
margo de 1962 [online]. Didrio Oficial da Republica Federativa
do Brasil, Brasilia, 19 jul. Available from: http://www.planalto.
gov.br/ccivil_03/_At02019-2022/2019/Decreto/D9917.htm#art1

719


https://doi.org/10.1590/S0102-09352009000300015
https://doi.org/10.1590/S0102-09352009000300015
https://doi.org/10.2175/106143009X12465435982935
https://doi.org/10.2175/106143009X12465435982935
https://pubmed.ncbi.nlm.nih.gov/21214023
https://doi.org/10.1017/S1431927616012009
https://pubmed.ncbi.nlm.nih.gov/27998365
https://pubmed.ncbi.nlm.nih.gov/27998365

Noleto, K.S. et al.

BRASIL. Agéncia Nacional de Vigilancia Sanitaria - ANVISA, 2005a
[viewed 10 September 2022]. Resolug¢do de Diretoria Colegiada
RDC n* 269, de 22 de setembro de 2005 [online]. Diario Oficial
da Repiiblica Federativa do Brasil, Brasilia, 23 set. Available
from: https://www.gov.br/agricultura/pt-br/assuntos/inspecao/
produtos-vegetal/legislacao-1/biblioteca-de-normas-vinhos-
e-bebidas/resolucao-rdc-no-269-de-22-de-setembro-de-2005.
pdffview

BRASIL. Conselho Nacional do Meio Ambiente - CONAMA, 2005b
[viewed 10 September 2022]. Resolugdo n® 357, de 17 de margo
de 2005 [online]. Didrio Oficial da Reptblica Federativa do
Brasil, Brasilia, 18 mar. Available from: https://www.icmbio.
gov.br/cepsul/images/stories/legislacao/Resolucao/2005/res_
conama_357_2005_classificacao_corpos_agua_rtfcda_altrd_re
5_393_2007_397_2008_410_2009_430_2011

BRASIL. Conselho Nacional do Meio Ambiente - CONAMA,
2012 [viewed 10 September 2022]. Resolugdo n® 454,
de 1 de novembro de 2012 [online]. Diario Oficial da
Repiiblica Federativa do Brasil, Brasilia, 6 nov. Available
from: https://www.icmbio.gov.br/cepsul/images/stories/
legislacao/Resolucao/2012/res_conama_454_2012_
materialserdragadoemaguasjurisdicionaisbrasileiras.pdf

BRASIL. Agéncia Nacional de Vigilancia Sanitdria - ANVISA, 2013
[viewed 10 September 2022]. Resolugdo RDC n® 42, de 29 de
agosto de 2013 [online]. Diario Oficial da Reptblica Federativa
do Brasil, Brasilia, 30 ago. Available from: https://bvsms.saude.
gov.br/bvs/saudelegis/anvisa/2013/rdc0042_29_08_2013.html

BRASIL. Agéncia Nacional de Vigilancia Sanitaria - ANVISA, 2021
[viewed 10 September 2022]. Instrugdo normativa n® 88, de 26
de margo de 2021 [online]. Didrio Oficial da Reptiblica Federativa
do Brasil, Brasilia, 31 mar. Secdo 1, pp. 226. Available from:
https://www.in.gov.br/en/web/dou/-/instrucao-normativa-in-
n-88-de-26-de-marco-de-2021-311655598

CAMARGO, M.M.P. and MARTINEZ, C.B.R., 2007. Histopathology of
gills kidney and liver of a Neotropical fish caged in na urban
stream. Neotropical Ichthyology, vol. 5, no. 3, pp. 327-336. http://
dx.doi.org/10.1590/S1679-62252007000300013.

CANTANHEDE, S.M., CASTRO, G.S., PEREIRA, N.J., DE PINHO CAMPOS,
].S., DASILVA, ]., TCHAICKA, L., NETA, R.N., TORRES JUNIOR, ].R.S.
and SANTOS, D.M., 2016. Evaluation of environmental quality
of two estuaries in [lha do Maranhdo, Brazil, using histological
and genotoxic biomarkers in Centropomus undecimalis (Pisces,
Centropomidae). Environmental Science and Pollution Research
International, vol. 23, no. 20, pp. 21058-21069. http://dx.doi.
0rg/10.1007/s11356-016-7294-9. PMid:27491417.

CASTRO, ].S., FRANCA, C.L., FERNANDES, ].EF,, SILVA, ].S., CARVALHO-
NETA, R.N.F. and TEIXEIRA, E.G., 2018. Biomarcadores histoldgicos
em branquias de Sciades herzbergii (Siluriformes, Ariidae)
capturados no Complexo Estuarino de Sdo Marcos, Maranhao.
Arquivo Brasileiro de Medicina Veterindria e Zootecnia, vol. 70,
no. 2, pp. 410-418. http://dx.doi.org/10.1590/1678-4162-9906.

CUNHA, C.D.L., SCUDELAR]I, A.C., GONCALVES, ].E. and MERCURL, E.,
2011. Assessment of sanitary sewage pollution in the Paranagua
estuarine complex of Paranagud, Brazil using environmental
modeling. Journal of Coastal Research, vol. 64, pp. 912-916.
http://dx.doi.org/10.1017/S1431927616012009.

DOUBEN, P.E.T., 2003. PAH: an ecotoxicological perspective.
Chichester: Wiley, 406 p. Ecological & environmental Toxicology
Series.

DUTTA, H.M. and MAXWELL, L.B., 2003. Histological examination
of sublethal effects of diazinon on ovary of bluegill, Lepomis
macrochirus. Environmental Pollution, vol. 121, no. 1, pp.
95-102. http://dx.doi.org/10.1016/S0269-7491(02)00201-4.
PMid:12475066.

8/9

FENECH, M., 2000. The in vitro micronucleus technique. Mutation
Research, vol. 455, no. 1-2, pp. 81-95. http://dx.doi.org/10.1016/
S0027-5107(00)00065-8. PMid:11113469.

FERREIRA, J.T., SCHOONBEE, H.J. and SMIT, G.L., 1984. The uptake of
the anaesthetic benzocaine hydrochloride by the gills and the
skin of three freshwater fish species. Journal of Fish Biology, vol.
25, no. 1, pp. 35-41. http://dx.doi.org/10.1111/j.1095-8649.1984.
th04848.x.

FOOD AND AGRICULTURE ORGANIZATION - FAO, 1983 [viewed
10 September 2022]. Compilation of legal limits for hazardous
substance in fish and fish and fishery products [online]. Rome:
FAO, pp. 5-100. FAO Fisheries Circular, no. 464. Available from:
https://www.fao.org/3/u2987e/u2987e.pdf

FOOD AND AGRICULTURE ORGANIZATION - FAO, 2003 [viewed 10
September 2022]. Heavy metals regulations legal notice n® 66/2003
[online]. Rome: FAO. Available from: https://www.informea.
org/en/legislation/heavy-metals-regulations-In-no-66-2003

FRANCA, V.D., MONTELES, |.S., FUNO, I.C.S.A. and CASTRO, A.C.L.,
2013. Selegao de areas potenciais para o cultivo de ostra nativa,
Crassostrea spp. e Sururu, Mytella falcata, em Raposa, Maranhdo.
Arquivo de Ciéncia Marinha, vol. 46, pp. 62-75. http://dx.doi.
org/10.32360/acmar.v46i1.891.

GIARRIZZO, T. and SAINT-PAUL, U., 2008. Ontogenetic and seasonal
shifts in the diet of the pemecou sea catfish Sciades herzbergii
(Siluriformes: Ariidae), from a macrotidal mangrove creek in
the Curugd estuary, Northern Brazil. Revista de Biologia Tropical,
vol. 56, no. 2, pp. 861-873. PMid:19256449.

GONZALEZ-GORBENA, R., ROSMAN, P.C.C. and QASSIM, R.Y.,
2015. Assessment of the tidal current enregy resource in Sdo
Marcos Bay, Brazil. Journal of Ocean Engineering and Marine
Energy., vol. 1, no. 4, pp. 421-433. http://dx.doi.org/10.1007/
s40722-015-0031-5.

KENNISH, M.J., 1992. Ecology of estuaries: anthropogenic effects.
Boca Raton: CRC Press, pp. 45-62. Marine Science Series, no.
2. http://dx.doi.org/10.1201/9780367811792.

KIME, D.E., 1995. The effects of pollution on reproduction in fish.
Reviews in Fish Biology and Fisheries, vol. 5, no. 1, pp. 52-95.
http://dx.doi.org/10.1007/BF01103366.

KRUMME, U. and MATTHIAS, B., 2008. Spring-neap cycle as a major
driver of temporal variations in feeding of intertidal fishes:
evidence from the sea catfish Sciades herzbergii (Ariidae) of
equatorial west Atlantic mangrove creeks. Journal of Experimental
Marine Biology and Ecology, vol. 367, no. 2, pp. 91-99. http://
dx.doi.org/10.1016/j.jembe.2008.08.020.

LOUIZ, 1., BEN-ATTIA, M. and BEN-HASSINE, 0.K., 2009.
Gonadosomatic index and gonad histopathology of Gobiusniger
(Gobiidea, Teleost) from Bizertalagoon (Tunisia): evidence of
reproduction disturbance. Fisheries Research, vol. 100, no. 3,
pp. 266-273. http://dx.doi.org/10.1016/j.fishres.2009.08.009.

MARTINS, M., SANTOS, J.M., DINIZ, M.S., FERREIRA, A.M., COSTA,
M.H. and COSTA, P.M., 2015. Effects of carcinogenic versus
non-carcinogenic AHR-active PAHs and their mixtures: lessons
from ecological relevance. Environmental Research, vol. 138,
pp. 101-111. http://dx.doi.org/10.1016/j.envres.2015.02.010.
PMid:25704830.

MARTY, G.D., HOFFMANN, A., OKIHIRO, M.S., HEPLER, K. and
HANES, D., 2003. Retrospective analysis: bile hydrocarbons and
histopathology of demersal rockfish in Prince William Sound,
Alaska, after the Exxon Valdez oil spill. Exxon Valdez. Marine
Environmental Research, vol. 56, no. 5, pp. 569-584. http://
dx.doi.org/10.1016/S0141-1136(03)00043-6. PMid:12927739.

MASOOD, Z.,GUL, Y., GUL, H., ZAHID, H., SAFIA., KHAN, M.A., HASSAN,
H.U., KHAN, W., GUL, N. and ULLAH, A., 2021. Assessments of

Brazilian Journal of Biology, 2022, vol. 82, e267996


https://doi.org/10.1016/S0027-5107(00)00065-8
https://doi.org/10.1016/S0027-5107(00)00065-8
https://pubmed.ncbi.nlm.nih.gov/11113469
https://doi.org/10.1111/j.1095-8649.1984.tb04848.x
https://doi.org/10.1111/j.1095-8649.1984.tb04848.x
https://pubmed.ncbi.nlm.nih.gov/19256449
https://doi.org/10.1007/s40722-015-0031-5
https://doi.org/10.1007/s40722-015-0031-5
https://doi.org/10.1201/9780367811792
https://doi.org/10.1007/BF01103366
https://doi.org/10.1016/j.jembe.2008.08.020
https://doi.org/10.1016/j.jembe.2008.08.020
https://doi.org/10.1016/j.fishres.2009.08.009
https://doi.org/10.1016/j.envres.2015.02.010
https://pubmed.ncbi.nlm.nih.gov/25704830
https://pubmed.ncbi.nlm.nih.gov/25704830
https://doi.org/10.1016/S0141-1136(03)00043-6
https://doi.org/10.1016/S0141-1136(03)00043-6
https://pubmed.ncbi.nlm.nih.gov/12927739
https://doi.org/10.1590/S1679-62252007000300013
https://doi.org/10.1590/S1679-62252007000300013
https://doi.org/10.1007/s11356-016-7294-9
https://doi.org/10.1007/s11356-016-7294-9
https://pubmed.ncbi.nlm.nih.gov/27491417
https://doi.org/10.1590/1678-4162-9906
https://doi.org/10.1017/S1431927616012009
https://doi.org/10.1016/S0269-7491(02)00201-4
https://pubmed.ncbi.nlm.nih.gov/12475066
https://pubmed.ncbi.nlm.nih.gov/12475066

some trace metals in water samples of nursery pond of Grass
Carp (Ctenopharyngodon idella, Valenciennes, 1844) in Bannu
Fish Hatchery of Khyber Pakhtunkhwa. Brazilian Journal of
Biology = Revista Brasileira de Biologia, vol. 83, pp. e245199.
http://dx.doi.org/10.1590/1519-6984.245199. PMid:35043831.

MEDEIROS, A.M.Z., COA, F., ALVES, O.L., TEODORO MARTINEZ, D.S.
and BARBIER], E., 2020. Metabolic effects in the freshwater
fish Geophagus iporangensis in response to single and
combined exposure to graphene oxide and trace elements.
Chemosphere, vol. 243, pp. 125316. http://dx.doi.org/10.1016/j.
chemosphere.2019.125316. PMid:31733537.

MENG, W. and LIU, L., 2010. On approaches of estuarine ecosystems
health studies. Estuarine, Coastal and Shelf Science, vol. 86, no.
3, pp. 313-316. http://dx.doi.org/10.1016/j.ecss.2009.05.009.

MOTA, A.P.E, 2019. New voltammetric method for determination
of phenanthrene in groundwater. Periddico Tché Quimica, vol.
16, no. 33, pp. 169-177.

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION - NOAA,
2015 [viewed 10 September 2022]. Screening quick reference
tables [online]. Washington: NOAA, 34 p. Available from: http://
response.restoration.noaa.gov/sites/default/files/SQuiRTs.pdf

NOLETO, K.S., OLIVEIRA, S.R.S., LIMA, LM.A., JESUS, W.B., CASTRO,
J.S., SANTANA, T.C., CARDOSO, R.L., JORGE, M.B., SANTOS,
D.M.S., TORRES-J(JNIOR, J.S.R. and CARVALHO NETA, R.N.F,
2021. Biochemical and Histological Biomarkers in Crassostrea
sp. (Bivalvia, Ostreidae) for Environmental Monitoring of a
Neotropical Estuarine Area (Sdo José Bay, Northeastern Brazil).
Bulletin of Environmental Contamination and Toxicology, vol.
106, no. 4, pp. 614-621. http://dx.doi.org/10.1007/s00128-021-
03149-z. PMid:33609170.

OLIVEIRA, ].G.D. and POLETTO, M., 2020. Drying characteristics
and heavy metal levels in three marine fishes commercialized
in Brazil. Brazilian Journal of Development, vol. 6, no. 10, pp.
76897-76912. http://dx.doi.org/10.34117/bjdv6n10-206.

PINHEIRO-SOUSA, D.B., SOARES, S.H.C., TORRES, H.S., DE JESUS,
W.B., DE OLIVEIRA, S.R.S., BASTOS, W.R., RIBEIRO, C.A.O. and
CARVALHO-NETA, R.N.F,, 2021. Sediment contaminant levels and
multibiomarker approach to assess the health of catfish Sciades
herzbergii in a harbor from the northern Brazilian Amazon.
Ecotoxicology and Environmental Safety, vol. 208, pp. 111540.
http://dx.doi.org/10.1016/j.ecoenv.2020.111540. PMid:33157514.

POLEKSIC, V. and MITROVIC-TUTUNDZIC, V., 1994. Fish gills as
monitor of sublethal chronic effects of pollution. In: R. MULLER
and R. LLOYD, eds. Sublethal and chronic effects of pollutants on
freshwater fish. Farnham: Fishing News Books Ltd., pp. 339-352.

RIBEIRO, E.B., ALMEIDA, Z.S. and CARVALHO-NETA, R.N.F, 2012.
Habito alimentar do bagre Sciades herzbergii (Siluriformes,
Ariidae) da Ilha dos Caranguejos, Maranhdo, Brasil. Arquivo
Brasileiro de Medicina Veterindria e Zootecnia, vol. 64,
no. 6, pp. 1761-1765. http://dx.doi.org/10.1590/S0102-
09352012000600048.

Brazilian Journal of Biology, 2022, vol. 82, e267996

Chemical and histological analyses of the Bay of Sdo José-MA.

RIBEIRO, E.B., NOLETO, K.S., OLIVEIRA, S.R.S., JESUS, W.B., SERRA,
LLM.R.S., ALMEIDA, Z.S., ANDRADE, T.S.0.M, SOARES, R.A.,
ANTONIO, I.G., SANTOS, D.M.S., JORGE, M.B. and CARVALHO
NETA, R.N.E,, 2020. Biomarkers (glutathione S-transferase and
catalase) and microorganisms in soft tissues of Crassostrea
rhizophorae to assess contamination of seafood in Brazil.
Marine Pollution Bulletin, vol. 158, pp. 111348. http://dx.doi.
org/10.1016/j.marpolbul.2020.111348. PMid:32568076.

SANTOS, A.A., EGAMI, M.I., RANZANI-PAIVA, M.J.T. and JULIANO,
Y., 2009. Hematological parameters and phagocytic activity
in fat snook (Centropomus parallelus): seasonal variation, sex
and gonadal maturation. Aquaculture, vol. 296, no. 3-4, pp. 359.
http://dx.doi.org/10.1016/j.aquaculture.2009.08.023.

SILVA, D.A., BUZITIS, ], KRAHN, M.M., BICEGO, M.C. and PIRES-VANIN,
A.M., 2006. Metabolites in bile from S3o Sebastido Channel, Sio
Paulo, Brazil as biomarkers of exposure to petrogenic polyclycic
aromatic compunds. Marine Pollution Bulletin, vol. 52, no. 2, pp.
175-183. http://dx.doi.org/10.1016/j.marpolbul.2005.08.016.
PMid:16216283.

SOUZA, T.S. and FONTANETT], C.S., 2006. Micronucleus test and
observation of nuclear alteration in erythocytes of Nile tilapia
exposed to waters affected by refinery effluent. Mutation
Research, vol. 605, no. 1-2, pp. 87-93. http://dx.doi.org/10.1016/j.
mrgentox.2006.02.010. PMid:16678473.

SOUSA, D.B.P., ALMEIDA, Z.S., and CARVALHO-NETA, R.N.F,, 2013.
Biomarcadores histolégicos em duas espécies de bagres
estuarinos da Costa Maranhense, Brasil. Arquivo Brasileiro de
Medicina Veterindria e Zootecnia, vol. 65, pp. 369-376. https://
doi.org/10.1590/S0102-09352013000200011.

STATSOFT, 2007. Statistica (data analysis software system) version
7. Tulsa: Statsoft, Inc.

VAN DER OOST, R., BEYER, ]J. and VERMEULEN, N.P.E., 2003.
Fish bioaccumulation and biomarkers in environmental
risk assessment: a review. Environmental Toxicology and
Pharmacology, vol. 13, no. 2, pp. 57-149. http://dx.doi.
org/10.1016/S1382-6689(02)00126-6. PMid:21782649.

VAZZOLER, A.E.A.M., 1996. Biologia de peixes teledsteos: teoria e
prdtica. Sao Paulo: EDUEM, 169 p.

VIGANO, L., BENFENATI, E., BOTTERO, S., CEVASCO, A., MONTEVERDE,
M. and MANDICH, A., 2010. Endocrine modulation, inhibition
of ovarian development and hepatic alterations in rainbow
trout exposed to polluted river water. Environmental Pollution,
vol. 158, no. 12, pp. 3675-3683. http://dx.doi.org/10.1016/j.
envpol.2010.07.033. PMid:20864230.

VON SPERLING, M. Principios do tratamento biologico de dguas
residudrias. Volume 1: Introdugdo a qualidade das dguas e
ao tratamento de esgotos. Volume 2: Principios bdsicos do
tratamento de esgotos. 2* ed. Belo Horizonte: Departamento
de Engenharia Sanitdria e Ambiental, Universidade Federal
de Minas Gerais, 1996.

9/9


https://doi.org/10.1590/1519-6984.245199
https://pubmed.ncbi.nlm.nih.gov/35043831
https://doi.org/10.1016/j.chemosphere.2019.125316
https://doi.org/10.1016/j.chemosphere.2019.125316
https://pubmed.ncbi.nlm.nih.gov/31733537
https://doi.org/10.1016/j.ecss.2009.05.009
https://doi.org/10.1007/s00128-021-03149-z
https://doi.org/10.1007/s00128-021-03149-z
https://pubmed.ncbi.nlm.nih.gov/33609170
https://doi.org/10.34117/bjdv6n10-206
https://doi.org/10.1016/j.ecoenv.2020.111540
https://pubmed.ncbi.nlm.nih.gov/33157514
https://doi.org/10.1590/S0102-09352012000600048
https://doi.org/10.1590/S0102-09352012000600048
https://doi.org/10.1016/j.marpolbul.2020.111348
https://doi.org/10.1016/j.marpolbul.2020.111348
https://pubmed.ncbi.nlm.nih.gov/32568076
https://doi.org/10.1016/j.aquaculture.2009.08.023
https://doi.org/10.1016/j.marpolbul.2005.08.016
https://pubmed.ncbi.nlm.nih.gov/16216283
https://pubmed.ncbi.nlm.nih.gov/16216283
https://doi.org/10.1016/j.mrgentox.2006.02.010
https://doi.org/10.1016/j.mrgentox.2006.02.010
https://pubmed.ncbi.nlm.nih.gov/16678473
https://doi.org/10.1590/S0102-09352013000200011
https://doi.org/10.1590/S0102-09352013000200011
https://doi.org/10.1016/S1382-6689(02)00126-6
https://doi.org/10.1016/S1382-6689(02)00126-6
https://pubmed.ncbi.nlm.nih.gov/21782649
https://doi.org/10.1016/j.envpol.2010.07.033
https://doi.org/10.1016/j.envpol.2010.07.033
https://pubmed.ncbi.nlm.nih.gov/20864230

