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Abstract Estuaries are subjected to continual environmental
impacts from activities in the catchment areas. This research
assessed the quality of two estuarine habitats located in Ilha
do Maranhdo, Brazil, through histological and genotoxic
biomarkers in Centropomus undecimalis, comparing the data
obtained to metal, physical, and chemical concentrations of
water samples. The gill histological alterations were ana-
lyzed by the histological alteration index and genotoxic le-
sions in erythrocytes were detected by the Micronucleus
Test. The analysis of metals revealed that all water samples
contained at least two elements with concentrations higher
than that allowed by the current Brazilian law. For gill his-
tological analysis, snook of both areas assessed exhibited
moderate lesions, indicating that the local fish are affected
by environmental stress. Micronucleus analysis of snook
showed that the Bacanga river basin is the most affected.
In addition to assessing the health of commercial fish
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populations, the information about the biomarkers used for
the species can serve to contribute to the preparation and/or
application of health assessment models and implementation
of environmental recovery policies for coastal aquatic
environments.

Keywords Fish - Snook - Environmental monitoring -
Centropomus undecimalis - Water contamination -
Histopathology - Genotoxicity

Introduction

Estuaries are water bodies that occupy the transition re-
gion between the oceans and rivers. They have great eco-
logical importance, as vital microcosms of growth and
reproduction for various biological species, such as mol-
lusks, fish, and crustaceans, among other groups (Santos
et al. 2006). They also are economically important in that
they support industries such as fishing, agriculture, tour-
ism, navigation, and port operations.

Rapid urbanization on the banks of estuaries has al-
tered the dynamics of these wetland habitats. Domestic
and industrial effluents, garbage, landfill, and destruction
of vegetation, among others, have largely contributed to
the pollution of these water bodies. Given the environ-
mental issues, programs are needed for restoring and pre-
serving these ecosystems.

The species of an ecosystem can be used to indicate
changes in local environmental conditions, and the re-
sponses of the organisms form the basis of biological
indicators of environmental degradation (Buss et al.
2003). These responses may be adaptive to stress,
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evidenced as cellular, biochemical, histological, physio-
logical, or behavioral alterations, currently defined as bio-
markers (de Jesus and de Carvalho 2008).

Biomarkers in fish are promising tools in the evaluation of
degraded aquatic ecosystems, as these organisms are directly
exposed to environmental pollutants, reacting sensitively to
any alterations in the environment (Lemos et al. 2007).
Among the biomarkers, emphasis is placed on histological
and genotoxic alterations.

Histological alterations in fish tissues are used to document
and quantify both exposure and the effect of pollutants
(Winkaler et al. 2001; Pacheco and Santos 2002; Veiga et al.
2002; Meletti et al. 2003). Genotoxic lesions allow for
assessing the effects of mutagenic, clastogenic, and/or
aneugenic pollutants in the genetic material of organisms
(Kendall et al. 2001).

Taking this into consideration, the present study examined
the histological and genotoxic alterations in Centropomus
undecimalis (Pisces, Centropomidae) as aquatic contamina-
tion biomarkers in assessing the environmental quality of
two estuaries of ITha do Maranhio, Brazil.

Ihado  —
Maranhio /‘*»‘
5 Z NSZ} /
*; Fisdo Luis -~ 80 José de

SIS

4 (4]
Parque Estadual
do Bacanga

Materials and methods
Study area and sample collection

The study was conducted in two estuaries of Ilha do
Maranhao: the Bacanga river basin (S1) and the Pau Deitado
estuary (S2) (Fig. 1). The Bacanga river basin, located north-
west of the Island, is one of the largest green areas in the State
of Maranhao. It is important for the set of its basins and eco-
logical diversity, which led the government to establish the
Bacanga State Park (Maranhdo State Decree no. 7545/1980)
in 1980. The basin also houses the Environmental Protection
Area (APA) of Maracana, established by State Decree no.
12.103/1991 (Maranhdo 1991).

Intense urbanization on the Bacanga riverbank has altered
the dynamics of the site, affecting biodiversity and quality of
the water body through discharge of domestic sewage and
garbage.

The Pau Deitado estuary, located in the town of Pau
Deitado, Municipality of Pago do Lumiar, Maranhao, flows
into the Curupu bay and encompasses an extensive area of

i

Legend

SI: Bacanga
River Basin

S2: Pau Deitado
Estuary

Fig. 1 Location of study areas of the Bacanga river basin and Pau Deitado estuary, Ilha do Maranhdo, Brazil
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mangroves. It is located far from the urban center; however,
there is a presence of bars and residences.

In both study areas, the Bacanga river basin (2° 32" 53" S
and 44° 18' 15" W) and the Pau Deitado estuary (2° 31’ 49" S
and 44° 5’ 23" W), specimens of C. undecimalis, popularly
known as seabass, were collected in 2015 during the rainy
season, in the months of April and May, and during the
months of September to November in the dry season. The
number of fish collected in Bacanga River was determined
by the State Secretary of Environment (SEMA), in accordance
with the environmental law for protected areas.

Samples were collected through artisanal fishing using cast
nets. The standard lengths (SLs) of fish were measured in the
field as follows: the total distance between the mouth and the
end of the tail (TL) and the distance between the mouth and
the beginning of the tail (PL). The sex and gonadal stage (GS)
of the samples taken were determined according to Vazzoler
(1996) at the Animal Morphophysiology Laboratory,
Department of Chemistry and Biology, State University of
Maranhao. The GS was classified as follows: I, immature; II,
under maturation; III, under advanced maturation; and IV,
mature.

The samples for water analyses were collected in plastic
bottles and stored in an isothermal box with ice. The parame-
ters were compared to resolution no. 357/2005, of the
National Environmental Council (CONAMA; Brasil 2005).
The physicochemical parameters analyzed were temperature,
pH, dissolved oxygen, and salinity, obtained on site by a
HANNA multiparameter with GPS HI 9828. The metals ana-
lyzed were zinc (Zn), copper (Cu), iron (Fe), aluminum (Al),
cadmium (Cd), mercury (Hg), and lead (Pb) detected by atom-
ic absorption spectrometry technique, in the Soil Laboratory
of the State University of Maranhao.

Histopathological analysis of gills

The right gill arch of fish was removed and fixed in 10 % form-
aldehyde. The second gill arch was decalcified in nitric acid at
10 % for 6 h and then dehydrated in ascending series of alcohols
(70, 80, and 90 %), diaphonized in xylene, impregnated, and
embedded in paraffin in the Animal Morphophysiology
Laboratory of the Chemistry and Biology Department, State

Table 1

Values of histological alteration index (HAI)

HAI=(1 x ¥ 1+ 10 x ¥ 11+ 100 x ¥ I1I)

Effect

0-10 No normal function

11-20 Low to moderate alteration
21-50 Moderate to serious alteration
51-100 Irreversible damage

1 alterations of stage I, /] alterations of stage 11, //] alterations of stage 111

University of Maranhdo. Slides were made with 5-pm-thick
cross sections, stained with hematoxylin and eosin (Luna
1968), and subsequently analyzed for gill lesions.

Histological alterations were semiquantitatively evaluated
for each fish by calculating the histological alteration index
(HAI), according to Poleksic and Mitrovic-Tutundzic (1994),
based on the severity of each lesion and classified in progres-
sive stages of tissue damages using the formula HAI =1 x )’
I+10x % 11+ 100 x Y Il (Table 1).

Genotoxic analysis in erythrocytes

Blood samples were collected with the aid of insulin-type
syringes through gill puncture of the left arch, and blood
smear slides were prepared. The slides were dried for 24 h
in the laboratory and further stained with modified
Rosenfield (Ranzaini-Paiva et al. 2013).

Two thousand cells per fish were analyzed under an optical
microscope for counting the micronuclei (MN) and detecting
nuclear abnormalities (NA) according to Fenech et al. (2003).

Data of MN between seasonal periods and between areas
were compared by non-parametric test, Kruskal-Wallis, and
Dun Method, using the BioEstat 2.0 software. The results
were considered positive if a significant difference of at least
p <0.05 was observed between data analyzed.

Results

In all, 23 specimens were collected in the Bacanga river basin
dam, 14 and 9 during the rainy and dry seasons, respectively.
In the Pau Deitado estuary, 16 samples were taken, 6 during
the rainy season and 10 during the dry season. The number of

Table2  Averages of biometric data between males and females of Centropomus undecimalis collected per area during the rainy and dry season of 2015

S1 S2

Rainy Dry Rainy Dry
cm Males n =7 Females n =7 Males n =7 Females n =2 Males n =3 Females n =3 Males n=6 Females n = 4
TL 15.6 £2.7 15.6+2.3 21.6+£7.7 222425 23+8.5 203 +4.1 172+24 244 £122
SL 129+£22 128 +1.9 179+ 6.8 182+2.5 18.7+7.6 16.7+£3.8 147+1.9 20.4£10.2

n number of individuals, 7L total length, SL standard length, S/ Bacanga river basin dam, S2 Pau Deitado estuary
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males was equal to the number of females in the fish sample
collected from both areas during the rainy season, while dur-
ing the dry season the number of males collected was greater
(Table 2).

Most samples for both sexes in both areas were in the early
stage of gonadal maturation during the rainy season. During
the dry season however, the fish sampled from the Bacanga
river basin showed higher frequency of individuals, both sexes
in stage [; in the Pau Deitado estuary, most males were imma-
ture, while most females were in gonadal maturation stage
(Table 3).

Water analysis

The results of physicochemical analyses of the samples are
shown in Table 4. Among the parameters examined, the con-
centration of dissolved oxygen in all the collections in the two
areas of study was below the value established by CONAMA
resolution 357/2005. The other parameter that was not in com-
pliance with the standards set by the resolution was the pH,
but only in the rainy season in the samples collected from the
Bacanga river basin.

Analysis of metals revealed mercury and lead levels above
those permitted by the resolution in the Bacanga river basin,
both in the rainy and dry seasons. In the Pau Deitado estuary
also, most elements were not in agreement with the resolution
in both sample periods (Table 5).

Histopathology of gills

The gill structure of C. undecimalis is the same as that of
teleost fish. Each gill arch is cartilaginous with a double row
of gill filaments divided into lamellae, through which gas
exchange occurs. The gill filaments have a stratified epitheli-
um, comprising several types of cells such as chloral and
mucous cells. The lamellae lining of the epithelium consists
of a single layer of squamous cells, the basal blade of which is

Table 3  Frequency of gonadal stages between males and females of
Centropomus undecimalis collected per area during the rainy and dry
seasons in 2015

Frequency (%)

Rainy Dry
S1 I II I v 1 I I v
Male 100 0 0 0 57 29 14 0
Female 100 0 0 0 100 0 0 0

S2
Male 100 0 0 0 83 17 0 0
Female 75 0 25 0 25 75 0 0

S1 Bacanga river basin dam, S2 Pau Deitado estuary, / immature, // under
maturation, /// advanced maturation, /V mature

supported by the pillar cell system. Figure 2 shows normal gill
of C. undecimalis (Santos et al. 2014).

The histological alterations found in the seabass specimens
studied included detachment of the epithelium lining of the
secondary lamella, disorganization of lamellae, hyperplasia of
epithelial cells, complete or incomplete fusion of the lamellae,
proliferation of mucus cells mainly in the filament apex, par-
asite presence, vascular alterations such as congestion of the
pillar cell system, dilation of the venous sinus, and lamellar
aneurysm (Fig. 3, Table 6).

Stage I alterations, in the Bacanga river basin, showed hy-
perplasia of epithelial cells in all fish sampled in both seasonal
periods, while in the Pau Deitado estuary, the most common
lesion was vascular congestion of the lamellae. For stage II
alterations, the breaking of the pillar cell system was more
frequent in the Bacanga river basin dam and, in the Pau
Deitado estuary, the hyperplasia of mucus cells predominated.

The frequency of gills’ alterations and the average value of
the histological alteration index per area is shown in Table 7,
indicating moderate lesions in the gills of fish sampled.

In the different categories, most of the fish in both areas
showed mild to moderate alterations (Table 8).

Genotoxic analysis

The blood smears of the specimens revealed MN and NA in
the form of notched, lobed, blebbed, and binucleated cells
(Fig. 4).

Table 9 contains averages of MN and NA frequency ob-
served in erythrocytes of the sampled fish. Values for MN
presented significant differences between the two locations
in the rainy season. Here, the Bacanga river basin emerged
as the more impacted site. Comparing the frequency of MN by
seasonal period per area, the Bacanga river basin presented a
significant difference in the results, with the most alterations
being found in the rain. As for NA, the highest frequency in
the sampled fish was during the rains in the Bacanga river
basin, while in the Pau Deitado estuary, it was during the
dry season.

Discussion

Histological lesions in gills are widely used for assessing the
environmental quality of aquatic ecosystems, both in natural
environments (Nogueira et al. 2008; Flores-Lopes and
Thomaz 2011; Nogueira et al. 2011; Santos-Filho et al.
2014) and toxicological assays (Breseghelo et al. 2004).
These biomarkers have been used in fish in Maranhao,
Brazil, to assess the water quality of natural environments
and fish farms (Carvalho-Neta et al. 2012; Pinheiro-Sousa
et al. 2013; Pereira et al. 2014; Santos et al. 2014; Carvalho-
Neta et al. 2015). Cantanhéde et al. (2014) were the first to
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Table 4  Values of physicochemical parameters of water samples collected per area during the rainy and dry season in 2015

Parameter Rainy Dry CONAMA resolution 357/2005
S1 S2 S1 S2
Dissolved oxygen (mg/L) 2.7% 3.9° 4.5° 2.9% >5 mg/L
pH 6.44° 6.85 8.39 7.8 6.5 and 8.5
Temperature (°C) 279 28.2 28.2 28.4 <40 °C
Salinity (ppt) 32 34 335 40.5 -

S1 Bacanga river basin dam, S2 Pau Deitado estuary

#Values below permitted by resolution, brackish water, class I

apply these biomarkers in the species C. undecimalis in Sdo
Luis, Maranhdo, Brazil, to assess the pollution of an estuarine
environment, in an environmental protection zone.

The micronucleus test is also widely used in eco-
toxicological biomonitoring, mainly for detecting alterations
in cells after division. The micronuclei formation mechanism
depends on the occurrence of cell division after exposure to
the genotoxic agent. The time required for cell division de-
pends on the tissue type, the species, and the environmental
conditions. Centropomus and other fish species have already
been used for this purpose successfully (Al-sabti and Metcalfe
1995; Kirschbaum et al. 2009; Sharma and Chadha 2016;
Hussain et al. 2016).

The results obtained highlight the health of the environ-
ment, in particular, the health of the fish included in the study,
because snooks are considered sentinels of environmental
monitoring (Kirschbaum et al. 2009; Souza et al. 2013).
Being carnivorous, snooks tend to accumulate high levels of
contaminants in their diet. Carnivores are commonly used in
the evaluation of environmental contamination since they
have an intrinsic relationship with the entire lower food chain,
indicating chronic, cumulative, and persistent effects on the
chain level, in addition to direct effects on an individual level
(Dorea et al. 2004; Durrieu et al. 2005; Kehring et al. 2009;
Cui et al. 2011). The biological response to the exposure to
contaminants can be assessed through histological and

genotoxic alterations, as discussed above. Our tests indicated
that fish investigated from both areas were affected.

One of the causes can be the high levels of metals recorded
in the areas, particularly high mercury and lead, in all sampling
periods, and the presence of high levels of aluminum and iron
in S2, with values above that are allowed by the CONAMA
resolution 357/2005, the rule that regulates the qualities for the
water use in Brazil, considering estuarine water is used for food
production and for recreation purposes. These results were also
higher than the values reported for drinking water by the
WHO—World Health Organization (2011).

Metals have peculiar atomic characteristics, conferring
them high resistance to chemical, physical, and biological
degradation in the aquatic system. This leads them to persist
in the aquatic environment for several years, even after the ban
on their use or disposal in watercourses (Moraes and Jordao
2002; Tkem et al. 2003). By persisting in the aquatic system,
the metal concentration is gradually increased, which facili-
tates its highest concentration in the water and higher intake
by organisms (Rodrigues et al. 2005; Rodrigues and Formoso
2006; Arai et al. 2007).

Among the metals, arsenic (As), cadmium (Cd), lead (Pb),
chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), manga-
nese (Mn), mercury (Hg), and zinc (Zn) are the major ele-
ments studied in fish contamination (Lima Junior et al.
2002; Canli and Atli 2003; Ikem et al. 2003; Costa and

Table 5 Concentration of metals analyzed in water samples collected per area during the rainy and dry season in 2015

CONAMA resolution Zinc (Zn) Copper (Cu) Iron (Fe) Aluminum (Al) Cadmium (Cd) Mercury (Hg) Lead (Pb)
357/2005 mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0.09 0.005 0.3 0.1 0.005 0.0002 0.01
Rainy
S1 0.0091 nd 0.1204 nd 0.0041 0.0632% 0.9018*
S2 nd nd 0.5435% 0.4639% 0.0029 0.0663* 1.0281*
Dry
S1 nd nd 0.1047 nd 0.0021 0.0463* 0.7762%
S2 nd nd 0.0480 0.3059" 4.7353% 0.0094* 1.0277%

nd not detected, S/ Bacanga river basin dam, S2 Pau Deitado estuary

#Values above permitted by resolution, brackish water, class T
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Fig. 2 Normal gill structure of
Centropomus undecimalis
collected during the rainy and dry
seasons of 2015. a Secondary

lamella (7); venous sinus (2); 58 XN A .
basal epithelium (3); filamentary NN N _ % y
epithelium (4). b Filament apex K 4 5 *\ 3

(1); pillar cell system (2) J \* )

Hartz 2009; Pereira et al. 2010; Cui et al. 2011; Gomes and
Sato 2011; Muto et al. 2011; Yi et al. 2011; Yi and Zhang
2012). These metals have been reported to be responsible for
disorders in fish, including low fertility, reduced immune de-
fense, reduced growth rate, and pathologies that can be fatal
(Queiroz 2006; Meneses 2008).

The linkage between metal and fish health previously re-
corded in literature enables us to discuss our data showing
alterations in histopathology and genotoxicity. In gills, histolog-
ical lesions were found in both areas and were more frequent in
the rainy season. Nuclear alterations were also more common
during the rainy season in the S1 area, the most anthropic-
impacted region. These alterations may be associated with ex-
posure to contaminants, as metals that are suspended and dis-
solved in the water can be absorbed by fish through diffusion
through the gills (Miranda 2006; Muto et al. 2011; Kehring
et al. 2011, Dragun et al. 2016). Lesions in gills have been

Fig. 3 Histological alterations in
gills of Centropomus undecimalis
collected during the rainy and dry
seasons of 2015. a Detachment of
the lamellar epithelium (7);
hyperplasia of epithelial cells (2).
b Hyperplasia of mucous cells in
the filament apex (/). ¢ Parasitic
cisty (/). d Complete fusion of all
lamellae (/)

|

reported earlier when fish were exposed to metals: Pantunga
et al. (2008) for Clarias macrocephalus * Clarias gariepinus
after Cd exposure; Figueiredo-Fernandes et al. (2007) for
Oreochromis niloticus after Cu exposure; and Bomfim de
Jesus et al. (2011) for Hoplias malabaricus after HgCI2 expo-
sure. This kind of damage affects the organ functions, since the
gill epithelium cells respond directly or indirectly to environ-
mental factors and internal alterations of the organism (Lupi
et al. 2007). Metals observed as genotoxic agents (HERAG
2007) act in redox cycles, producing reactive oxygen species
(Stohs and Bagchi 1995); the oxidative stress affects several
metabolic pathways, including those involved in the repair of
DNA damage, known as genotoxic effects (Pra et al. 2006).
Mercury in particular, found in all the water samples, can be
related to observed damages because it is a proven carcinogen-
ic, mutagenic, and teratogenic element (Banerjee and
Bhattacharya 1995; Hylander et al. 2000; Yokoo et al. 2001;
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Table 6 Classification of histological alterations in gills of Centropomus undecimalis collected per area during the rainy and dry seasons in 2015

Stage Alterations Frequency (%)
Rainy Dry
S1 (n=14) S2 (n=06) S1(n=9) S2 (n=10)
I Vascular congestion 100 100 77.78 100
Displacement of the epithelium of secondary lamellae 92.86 833 333 20
Disorganization of secondary lamellae 35.71 16.67 0 0
Hyperplasia or hypertrophy of epithelial cells 100 100 100 80
Incomplete fusion of several secondary lamellae 14.29 0 0 0
Complete fusion of several secondary lamellae 100 100 88.89 70
Dilation of venous sinus 85.71 66.67 88.89 100
Presence of parasite 35.71 16.67 11.1 10
11 Hyperplasia or hypertrophy of the mucous cells 42.86 83.3 44.4 70
Disruption of the pillar cells system 92.86 66.67 88.89 70
Lamellar aneurysm 21.43 333 222 40

S1 Bacanga river basin dam, S2 Pau Deitado estuary, » number of individuals

Porto et al. 2004; Weech et al. 2004). Chemical and biological
alterations and interactions in the aquatic environment can de-
termine the ionization of mercury and facilitate the formation of
methyl mercury (Hylander et al. 2000; Ravichandran 2004).
Methyl mercury, in addition to being toxic, has high potential
for bioaccumulation in the tissues (Souza Lima et al. 2000) and
biomagnification in organisms through the food chain (Weech
et al. 2004), besides posing a hazard for public health.

In our study, mercury level was higher in the rainy
season; for both areas, the same trend was observed for
lesions in the gills and nuclear alterations in the S1 area.
This might be explained by the high flow of water during
the rains, which in turn causes the maximum dilution of
waste, providing higher rates of bioavailability of metals
in the water (Bambic et al. 2006; Silva et al. 2009; Pizarro
et al. 2010). The source of the pollutants in both areas is
in all probability the discharge of domestic effluents and
garbage, primarily in the Bacanga river basin due to its
being surrounded by peripheral neighborhoods.

For gill histology, observed stages of damages were
between I and II, considered mild to middle lesions.
Stage I alterations allow recovery of structure and

Table 7 HAI averages
during the rainy and dry HAI
season per area in 2015

Rainy Dry
S1 21.36 19.11
S2 23.17 21.5

HAI histological alteration index, S/
Bacanga river basin dam, S2 Pau Deitado
estuary

@ Springer

function of the gill tissues on improving environmental
conditions. However, these can progress to the second
stage when environmental conditions remain unchanged
and there is long-term exposure to pollutants (Poleksic
and Mitrovic-Tutundzic 1994). Stage I is related to re-
sponse to contamination since it reduces the gill surface
area and increases the diffusion barrier to pollutants. It is
characterized by increased functions of cells and tissue,
caused by alteration of their physiological activities; how-
ever, it can cause fusion of several lamellaec and jeopar-
dize the gas exchange in the organ (Takashima and Hibiya
1995; Erkmen and Kolankaya 2000; Winkaler et al. 2001;
Thophon et al. 2003).

Stage Il alterations are more severe and compromise the
gill function; however, on improved water quality, these le-
sions may be reversible. However, if the pollution levels con-
tinue to increase, it can progress to the third stage. Aneurysm,
a stage II alteration found in samples of the fish analyzed
mainly in the Pau Deitado estuary, has been recorded in high
frequency in the presence of toxic substances (Stentiford et al.
2003), usually resulting from collapse of the pillar cell system,
which impairs vascular integrity and releases large amounts of
blood, pushing the lamellar epithelium out (Hinton and
Laurén 1990), which can cause disruption of the epithelium
and consequently bleeding.

During the observation of the gills, we also found alter-
ations caused by parasites. These indicate a broken equilibri-
um among the host-parasite environment, which may cause
inflammation and cysts, affecting the health of the organism
(Schalch et al. 2006; Campos et al. 2011).

In the micronucleus test analysis, fish specimens of
the Bacanga (S1) river basin presented a higher
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Table 8 Intensity frequency of ]
alterations in gills of HATI categories Frequency (%)
Centropomus undecimalis ]
collected per area during the rainy Rainy Dry
and dry seasons in 2015 per area
S1(n=14) S2 (n=06) S1(n=9) S2 (n=10)
Without alterations 0 0 11.1 0
Mild alterations 429 50 44.4 50
Moderate alterations 57.1 50 44.4 50
Severe alterations 0 0 0 0
Irreversible alterations 0 0 0 0

n number of individuals, S7 Bacanga river basin dam, S2 Pau Deitado estuary, HAI histological alteration index

frequency of micronuclei in erythrocytes when compared
to Pau Deitado estuary (S2), in both seasonal periods.
The fish in the S2 area showed less genotoxic damage.
It is important to note here that, despite the metal con-
tamination, S2 is far from the urban center and presents
well-preserved vegetation. It is known that mangroves
are rich in organic matter and sediment and that factors
such as particulate matter and the presence of large
amounts of organic matter contribute to balance the con-
centration of metals in the environment (Obasohan 2008;
Kpee et al. 2009). The low concentration of dissolved
oxygen in both areas is an indication that the amount of
organic matter is high and promotes the multiplication of
microorganisms, increasing oxygen consumption
(Fiourucci and Benedetti-Filho 2005).

The level of dissolved oxygen can affect the health of the
fish, because it is one of the most important parameters that
express the quality of water of an aquatic environment
(Ostrensky and Boeger 1998; Masser et al. 1993; Brasil
2006). The solubility of oxygen in water depends on different
environmental factors such as temperature, atmospheric pres-
sure, and salinity (Sipauba-Tavares 1994), and the need of
oxygen varies according to the species and its stage in life
(Ostrensky and Boeger 1998).

In addition, a high concentration of lead is detrimental
for the organisms, owing to its high toxicity (Bilandzic
et al. 2011; Ersoy and Celik 2010). At high concentra-
tions, lead causes behavioral deficits in fish, in addition
to reduced growth and development, changes in metabo-
lism, and increase in mucus formation (Meletii et al.
2003; Cestari et al. 2004; Ferraro et al. 2004; Martinez
et al. 2004; Schmitt et al. 2007).

The fish specimens analyzed in the survey showed a pro-
liferation of mucus cells in secondary lamellae. The prolifer-
ation and hypersecretion of mucous cells in the gills under
stressful situations can be seen as a defense mechanism; how-
ever, this may compromise the gill function, depending on the
severity (Leonardo et al. 2001; Fracacio et al. 2003).

Since the effects of lead are attributed to reduced de-
velopment, the observed values of size of the individuals,
the majority of which were young, could be related to the
presence of this metal. However, because Centropomus is
a migratory species, found in the estuarine region in the
young age (Kirschbaum et al. 2009; Oliveira et al. 2014),
this may not hold true. This migration may have also
determined the sex ratio recorded with most being males
(Vazzoler 1996). Snooks are protandric hermaphroditic
organisms (Taylor et al. 2000); thus, one expects to find
an increased proportion of male individuals in the smaller
sizes and an increased proportion of females in larger
sizes. Therefore, most of the sampled snooks were males
in both areas. The proportion of males larger than females
in a population of youths is a reproductive strategy of
protandric hermaphrodites (Taylor et al. 2000; Perera-
Garcia et al. 2011).

The data discussed here draw attention to the impact of
pollutants in Brazilian estuarine regions and highlight the
urgency of actions to be taken to minimize the disposal of
domestic sewage in these areas (Greene et al. 2014;
Lazarus et al. 2015) It is well known that estuaries are
among the richest and most important global ecosystems.
They have a significant and important role in food pro-
duction. The impacts on these ecosystems threaten the
sustainability of estuarine resources all across the world
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Fig. 4 Micronucleus test in Centropomus undecimalis erythrocytes collected during the rainy and dry seasons of 2015 per area. a Normal erythrocyte; b
micronucleus (arrow); ¢ notched (arrow); d lobed (arrow); e blebbed (arrow); f binucleated cell. Modified Rosenfield stain. Increased %1000
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Table9  Averages of micronuclei frequencies and nuclear alterations in
Centropomus undecimalis erythrocytes collected per area during the rainy
and dry seasons in 2015

MN/STD NA/STD
Rainy
S1 (n=14) 3.43% +£1.87 14.64 + 8.02
S2 (n=6) 0.66* £0.82 4.16+5.49
Dry
S1(n=9) 1.56% £1.33 7.11£7.13
S2 (n=10) 0.7 +1.06 7+827

n number of individuals, MN micronucleus, NA nuclear alterations, STD
standard deviation, S/ Bacanga river basin dam, S2 Pau Deitado estuary

p 0.05

(Chagnon et al. 2015; Mitra and Zaman 2016). Because
estuaries are the nurseries for several species, the impact
on estuarine areas may affect much larger regions of
fauna.

Finally, the impacts on the health of the Centropomus from
the estuarine coast of Maranhdo need to be considered in the
public health context. Since it is one of the most consumed
fish worldwide, the metal accumulation by snooks can affect
human health through its consumption as food (Yokoo et al.
2001; Mergler 2002), which is a major source of human ex-
posure to heavy metals (Lebel et al. 1997; Tao et al. 2012).

Conclusion

Of the biomarkers analyzed, both genotoxic and histological
markers proved as valuable tools for assessing the environ-
mental quality of estuarine ecosystems using the species
Centropomus undecimalis. The two estuarine ecosystems
studied presented contamination with heavy metals. The fish
exhibited gill damage, probably as a consequence of the metal
contamination, which was more predominant in the rainy sea-
son. Genetic damage was also prevalent in the area, especially
in Bacanga river (S1), that receives larger amount of domestic
effluents and garbage.

In addition to assessing the health of commercial fish
populations, the information generated on the biomarkers
used in this study will serve to contribute to the prepara-
tion and/or application of health assessment models and
implementation of environmental recovery policies for
coastal aquatic environments. Here, we emphasize the im-
portance of protecting the estuarine habitat which is one
of richest ecosystems on earth.
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