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The goal of the current study was to evaluate different genotoxicity tools in order to assess a marine protected
area (MPA) affected by formermining activities and urban settlements. A catfish (Cathorops spixii) was analyzed
for genotoxic effects at the (i)molecular and at the (ii) chromosomal levels. Through factor analysis, genotoxicity
was found to be linked to levels ofmetals bioaccumulated and PAHmetabolites in the bile. Micronucleus and nu-
clear alterationwere less vulnerable to the effects of confounding factors inmildly contaminated areas since they
were more frequently associated with bioaccumulated metals than the DNA analysis. The different genotoxicity
responses allowed for the identification of sources of pollution in the MPA. This approach was important for de-
tecting environmental risks related to genotoxic contaminants in a mildly contaminated MPA.
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1. Introduction

Metal contamination of aquatic ecosystems due to mining activities
is of great environmental concern on a global scale and is one of the
most serious threats to aquatic environments worldwide (Zhuang
et al., 2014). This concern has arisen partly because mining activities
are commonly performed but not controlled or monitored (Rybicka,
1996). Additionally, mine waste and tailings can have severe negative
effects on the regions surrounding the mines (Fernández-Caliani et al.,
2009). This effect often occurs because pollutants tend to be transported
mainly via water (e.g. acidmine drainage) and air (atmospheric deposi-
tion, wind-blown particulate matter), and thus accumulate in various
environmental compartments. Toxic metals from mining activities
can therefore potentially impact the biota and human beings alike
dy of Aquatic Pollution and
icente Campus (UNESP Campus
330-900 São Vicente, SP, Brazil.
).
(e.g. Riba et al., 2005; Taylor et al., 2014; Camizuli et al., 2014;
Molina-Villalba et al., 2015).

The Ribeira de Iguape River (RIR), located in southeastern Brazil, is
an important mining region and represents an example of uncontrolled
mining activity. Leadmines operated during the twentieth century, and
their waste products were discharged into the river or on the river
banks. High levels of metals such as Pb, Zn, Cu, Cr, and As have been re-
corded in river waters, bottom sediments, and suspended sediments in
river headwaters (Eysink et al., 1998; Moraes et al., 2003; Guimarães
and Sígolo, 2008). The RIR flows toward the Estuarine System of the
Cananeia–Iguape–Peruíbe Environmental Protection Area (APA-CIP),
recognized as a UNESCO World Natural Heritage Site. Metals in the
APA-CIP estuarine sediments, which have been found at low levels in
the past, increased substantially after the construction of an artificial
connection between the river and the estuary (Mahiques et al., 2009).
Recent studies have reported metals at moderate levels in the sedi-
ments from the estuary, quantities which have been attributed to the
former mining activities as well as to contamination from urban settle-
ments within the APA-CIP (Azevedo et al., 2011; Cruz et al., 2014;
Gusso-Choueri et al., 2015).
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Amultitude of ecotoxicological approaches and tools, frommolecular
testing to ecological response assessments, have been proposed over the
last few decades for environmental assessment and monitoring (Van
Straalen, 2003). Their application, however, has been tested and validated
only at highly contaminated sites (e.g. Adams and Greeley, 2000;
Galloway et al., 2004; Choueri et al., 2010; Torres et al., 2015).Mildly con-
taminated sites can also affect the health of the aquatic biota, since the or-
ganisms are subjected to long-term exposure (Nipper et al., 1998). This is
the case of many marine protected areas (MPAs) influenced by urban or
industrial settlements; these areasmay be subjected to perhaps relatively
moderate but nonetheless continuous inputs of contaminants produced
on their outermost boundaries (Chou et al., 2004; Pozo et al., 2009;
Perra et al., 2011; Araujo et al., 2013).

However, in mildly contaminated areas, cause-and-effect relation-
ships between contamination and toxicity may not be as straightfor-
ward as they are at highly contaminated sites, especially in complex
physical and chemical settings such as estuaries (Choueri et al., 2009).
Tests on biological responses must be sensitive to low levels of contam-
inants, but still representative of an actual or potential risk to the indi-
vidual organism or the population. Genotoxic responses may trigger a
damaging chain of biological changes (e.g. reproduction disturbances,
growth inhibition, carcinogenesis), some of which can be passed on to
the next generations. These responses may also lead to a loss of genetic
diversity (Mitchelmore and Chipman, 1998; Jha, 2004; Baršienė et al.,
2013).

Different types of DNA damage may occur when organisms are
exposed to environmental contamination. These types of damage in-
clude single- and double-strand breaks, inter-strand and intra-strand
crosslinks, DNA adducts, and DNA protein crosslinks (Wood et al.,
2001). Some metals and PAHs (especially high molecular weight
PAHs) are known to cause genotoxicity. DNA damage caused by such
contaminants can be characterized into three phases: (i) the formation
of adducts with toxic molecules, followed by (ii) secondary DNA modi-
fications, including single- and double-strand break, changes to DNA
repair, base oxidation, and crosslinks (Fonseca et al., 2014), and an
advanced stage (iii) in which cells present altered functions, cell prolif-
eration, mutagenesis, and eventually carcinogenesis (Monserrat et al.,
2007).

The quantification of DNA strand breaks (via electrophoresis
or fluorescence measurement) is considered a sensitive indicator of
genotoxicity at the molecular level (Olive, 1988; Gagne and Blasé,
1995; Silva et al., 2012; Maranho et al., 2012; Parolini et al., 2013).
At the chromosomal level, the formation of micronuclei and nuclear
abnormalities in fish erythrocytes has also been successfully used
as indicators of genotoxicity caused by environmental contamination
(e.g. Souza and Fontanetti, 2012; Hoshina et al., 2008). Several studies
have reported increased frequencies of micronuclei and nucleus abnor-
malities in fish cells after exposure to different metals under both field
and laboratory conditions (Al-Sabti and Metcalfe, 1995; Cavas et al.,
2005; Cavaş, 2008; Isani et al., 2009; Yadav and Trivedi, 2009).

The Marine Strategy Framework Directive (2008/56/CE) has
recently proposed the use of genotoxicity endpoints as a tool to help
characterize the biological status of marine water bodies. In addition,
different genotoxicity assays have been used in environmentalmonitor-
ing programs (e.g. ICESWorking Group on Biological Effects of Contam-
inants and the Mediterranean Pollution Programme) (Davies and
Vethaak, 2012). Although this approach has been widely used for envi-
ronmental quality assessment and monitoring, no attempts have been
made to assess the suitability of these tools for monitoring mildly
contaminated sites or MPAs. These studies on mildly contaminated
sites are important because genotoxic responses can be affected by
many factors, including natural environmental conditions, diet, and
hormonal status (Mitchelmore and Chipman, 1998). These confounding
factors may be exacerbated from mildly contaminated environments.

The current study aimed to evaluate different genotoxicity tools
used on fish in order to assess an MPA affected by former land-based
mining activities and current urban settlements. We hypothesized
that the different genotoxicity endpoints would be positively associated
with contaminant body burden.We also hypothesized that different tis-
sues would respond differently to the contamination.

Cathorops spixii was tested for genotoxic effects through (i) the
quantification of DNA damage in different tissues by means of two
different methodologies (the comet assay with blood tissue, and the
alkaline precipitation assay with kidney, liver, and gill tissues), and
(ii) cytogenotoxicity assessment, which was performed using the
micronucleus test (MN) and tests on nuclear alterations (NA) in eryth-
rocytes. The bioindicator specie (C. spixii)was chosen because it is a spe-
cies potentially exposed to contaminated sediments in the estuary,
since it has demersal habits, preys mainly upon zoobenthos (especially
crustaceans and polychaetes) (Fishbase, 2014) and spends its whole life
cycle in muddy-bottom estuaries (Azevedo et al., 1999). Additionally,
C. spixii is considered as an important artisanal fishing resource in trop-
ical and sub-tropical South American Atlantic coasts (Melo and Teixeira,
1992; Álvarez-León and Rey-Carrasco, 2003).

The relationship between environmental contamination and
genotoxicity was assessed by integrating genotoxicity data with metal
body burdens (liver and muscle) and levels of PAH metabolites in bile
by using a multivariate approach. The results of this study can subsidize
the definition of suitable genotoxic tools to assess and monitor MPAs.

2. Materials and methods

2.1. Study area

The Cananéia–Iguape–Peruíbe Environmental Protection Area, or
the APA-CIP (24°40′S and 25°05′S) (Fig. 1) is an estuarine–lagoon eco-
system recognized by UNESCO as part of the Biosphere Reserve of the
Atlantic Rainforest. It is an area of priority to be included on the list of
Brazilian wetlands of international importance within the scope of the
Ramsar Convention (Brazil, 2012). The region is on the list of UNESCO
World Heritage Sites.

The main freshwater contributor to the estuarine lagoon is the
Ribeira de Iguape River (RIR), which meets the lagoon through a water
channel known as Valo Grande. This lagoon deviates approximately
70% of the river toward the lagoon waters. For many years, mine tailing
andmetallurgical slags such as blast furnace were directly dumped into
the RIR. After the establishment and enforcement of Brazilian environ-
mental laws in the early 1990s, the mining industry halted its release
of waste into the river, but began disposing of it on the river banks in-
stead. The waste and riverbanks were exposed to weathering and sub-
jected to lixiviation (Guimarães and Sígolo, 2008; Abessa et al., 2014).

High levels of some metals (Pb, Zn, Cu, Cr) and As were recorded in
the river waters, as well as on riverbeds and in suspended sediments
(Eysink et al., 1998; Corsi and Landim, 2003; Moraes et al., 2003;
Guimarães and Sígolo, 2008).Meanwhile, in the estuarine lagoon,metals
were found at only moderate levels in the sediments (Mahiques et al.,
2009) as defined by international Sediment Quality Guidelines (Long
et al., 1995; Environment Canada and Ministère du Développement
durable, de l'Environnement et des Parcs du Québec, 2007).

In addition to former mining activities, other sources of contami-
nants to the APA-CIP include the three cities placed within the limits
of the protection area (Iguape, Ilha Comprida, and Cananéia), with a
total estimated population of approximately 51,900 inhabitants (IBGE,
2014), and which lack adequate sanitation infrastructure (Morais and
Abessa, 2014).

2.2. Fish collection and sample preparation

The sampling sites were set with the aim of encompassing the main
potential contaminant sources along theAPA-CIP (Fig. 1). Thus, site P1 is
the closest to themouth of the RIR, and site P4 is the closest to the city of
Cananéia. Fifteen specimens of C. spixiiwere collected at each sampling



Fig. 1. Sampling stations locatedwithin the APA-CIP, Brazil. Legend: Light gray represents the environmental protection areas. The dashed squares show themain contaminant sources in
the area, and the dotted lines represent the inner boundary of the MPA.
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site using a bottom otter trawl. The study area has well defined seasons,
i.e. a dry winter (July to August, monthly average rainfall of 95.3 mm)
and a rainy summer (January to March, monthly average rainfall of
266.9 mm). Monthly mean temperature ranges from a maximum of
28 °C (February) to a minimum of 20 °C (July) (Cunha-Lignon et al.,
2009). To account for this seasonal variation, two sampling campaigns
were conducted: one during the dry season (D) (August 2012), and
the other during the rainy season (R) (March 2013). Average rainfall
during the sampling campaigns was 111mm and 390 mm, respectively
(CEPAGRI, 2014).

The collected specimens were kept in local water under aeration
until transportation to the laboratory, located in the city of Cananéia.
Five animals were set aside for body burden analyses, and ten individ-
ualswere set aside for genotoxicity analyses and for bilefluid extraction.
Before being euthanized via spinal cord section, individuals were anes-
thetized with benzocaine (0.01%) in water, then weighed and mea-
sured. To measure genotoxicity biomarkers, peripheral blood was
withdrawn from the caudal vein using heparinized syringes for the
comet assay, the micronucleus test, and tests for nuclear alterations.
After euthanasia, the gills, kidney, and liver were dissected, frozen,
and stored at−80 °C for the DNA strandbreak assessment. Axialmuscle
and liver used in body burden analyses were stored in plastic vessels at
−20 °C until the analyses. Bile fluid was stored in glass vessels kept at
−80 °C for PAH metabolite analyses.

Fulton's condition factor was calculated according to the formula
KF = (W/L3 × 100), where KF = Fulton's condition factor, W = body
weight in grams, and L = total body length in cm.

2.3. Genotoxicity assessment

2.3.1. Comet assay, micronucleus test (MN) and nuclear abnormalities test
(NA) in peripheral blood

Comet assay followed the procedures described by Singh et al.
(1988) and Ferraro et al. (2004). Blood was diluted in fetal bovine
serum and stored on ice (protected from light) for 24 h. Microscope
slideswere preparedwith a blood cell suspension (10 μl) in lowmelting
point agarose (120 μl) at 37 °C, followed by incubation in lysis solution
at 4 °C for 7 days. After lysis incubation, the slideswere placed in a NaOH
(10 M) and EDTA (200 mM) solution at a pH N 13 for 20 min for DNA
denaturation. Electrophoresis was carried out at 25 V and 300 mA for
25 min at 4 °C, and slides were neutralized for 15 min with 0.4 M Tris,
pH 7.5, fixed in 95% ethanol for 5 min, and stained with ethidium bro-
mide (0.02 μg ml−1). DNA damage was observed using a Leica®
epifluorescence microscope at a magnification of 400×. For each fish,
100 nucleoids were visually analyzed according to the method de-
scribed by Ramsdorf et al. (2009).

The analysis of NA in erythrocytes is a variant of the standard MN
test. It includes the quantification of the number of alterations in cell nu-
clei that may generate micronuclei. These analyses may complement
traditional MN scoring (Ayllon and Garcia-Vazquez, 2000; Cavaş and
Ergene-Gözükara, 2005; Costa and Costa, 2007; Costa et al., 2008).
Nuclear abnormalities may be a consequence of effects caused by
clastogenic pollutants, and may lead to problems in chromosomal
attachments and/or gene amplification (Omar et al., 2012).

In the current study, blood aliquots were immediately smeared on
glass microscopy slides. Before being air-dried, the layer was fixed
with absolute ethanol (30 min) and stained with acridine orange.
For each animal, 2000 erythrocytes were examined under a Leica®
epifluorescence microscope at 1000× magnification and scored based
on the presence of both typical MN and NA. MN tests were performed
in accordance with Heddle (1973) and Schmid (1975), while NAs
(blebbed, lobed, vacuolated, and notched) were characterized in accor-
dance with Carrasco et al. (1990).

2.3.2. Alkaline precipitation assay in kidney, liver, and gills
Kidney, liver, and gill tissues were kept on ice throughout the

analyses. The liver and kidneys were analyzed because they are
target organs in metabolism and in the accumulation of contaminants
(Bernet et al., 1999), whereas gills were chosen because they exhibit
high permeability to ions, and are continuously ventilated to allow
for the exchange of gases, ions, salts, and water with the environment
(Hill et al., 2004).

Tissues were homogenized at 10% W/V in Tris–HCl buffer
(Tris 50 mM; EDTA 1 mM; DTT 1 mM; Sucrose 50 mM; KCl 150 mM;
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PMSF 1 mM, pH 7.6). The homogenates were centrifuged at 12,000 ×g
for 20 min at 4 °C, and aliquots of the supernatant were kept for the
analysis.

DNA strand breaks were measured using an alkaline precipitation
assay (Olive, 1988; Gagne and Blasé, 1995). This assay is based on the
potassium-dodecylsulfate precipitation of protein-bound genomic
DNA, which leaves protein-free DNA strand breaks in the supernatant.
These DNA strands are quantified using fluorescence (λex 360 nm and
λem 450 nm) after being stained with Hoechst dye. Standard solutions
of salmon sperm DNA were used for calibration. Protein concentrations
were determined spectrophotometrically at 595 nm (Bradford, 1976),
with BSA as the standard. All biomarker analyses were performed in a
microplate reader (Biotek-Synergy™ HT). The results were expressed
as μg DNA mg prot−1.

2.4. Body burden of metals

Arsenic (As) concentrations in muscle and liver tissues were calcu-
lated using an atomic absorption spectrophotometer (Varian®, AA
240Z) equipped with a graphite furnace (AAS-GF) (Model, GTA 120).
Metals were quantified using flame atomic absorption spectroscopy
(F-AAS) (Varian®, AA 240FS). All analyses were performed according
to the standards of METHOD 200.9 (USEPA, 1994). The detection limit
for As was 5.88 μg kg−1. The detection limits used for the metals
were 0.034 mg kg−1 (Cu), 0.0697 mg kg−1 (Mn), 0.0525 mg kg−1

(Zn), 0.112 mg kg−1 (Cr), 0.146 mg kg−1 (Co), 0.0623 mg kg−1 (Ni),
0.042mg kg−1 (Cd), and 0.0602mg kg−1 (Pb). The limits of quantifica-
tion (LOQ) used were 0.178 mg/kg−1 for As, 0.004 mg/kg−1 for Cu,
0.537 mg/kg−1 for Mn, 0.720 mg/kg−1 for Zn, 0.345 mg/kg−1 for Cr,
0.390 mg/kg−1 for Co, 0.204 mg/kg−1 for Ni, 0.059 mg/kg−1 for Cd,
and 0.545 mg/kg−1 for Pb.

Standard curves were prepared using reference material (Qhemis
High Purity®). Quality control for analytical procedures was performed
using standard addition, and recovery rates ranged from80% to 120% for
all of the elements investigated. Metal and As concentrations were
expressed as mg kg−1 of dry weight.

2.5. PAH metabolites in bile

PAHs may come from different anthropogenic sources: 2- to 4-ring
PAHs are understood to come from petrogenic sources of pollution,
while 5- to 6-ring PAHs have been linked to pyrolytic sources (Olajire
et al., 2005). The metabolites of polycyclic aromatic hydrocarbons
(PAHs) in the bile of C. spixii were quantified through the use of
fixed wavelength fluorescence in a spectrofluorometer (Sunrise-
Tecan) at wavelengths of 288/330 nm, 334/376 nm, 364/406 nm, and
380/422 nm (λex/λem), values which correspond respectively to
naphthalene-type (2 rings), pyrene-type (4 rings), benzo(a)pyrene-
type (5 rings), and benzo(ghi)perylene-type (6 rings) (Aas et al.,
2000; Oliveira Ribeiro et al., 2005). PAH concentrations were deter-
mined through comparisons with a standard curve for each group of
rings. The results were expressed as units of PAH mg prot−1.

2.6. Statistical analyses

First, datasets on specimen length, condition factor, comet scores,
MN and NA frequencies in the blood, and DNA strand breaks in kidney,
liver, and gill tissues, aswell as on total PAH contents in the bile, were all
tested for normality (Kolmogorov–Smirnov's test) and for homoscedas-
ticity (Bartlett's method). Datasets that met Analysis of Variance
(ANOVA) assumptions were tested for differences between the means
with ANOVA, followed by Tukey's post-hoc test. Non-parametric statis-
tical tests (Kruskal–Wallis test with Dunn's multiple comparisons as a
post-hoc test) were used to compare data series that violated ANOVA
assumptions.
Pearson correlation analysis was performed using the data on
the levels of individual PAH metabolites in the bile from each season
data matrix in order to assess significant correlations among individual
PAHs along the sampling sites. The significance level was set at p ≤ 0.05
for all analyses.

2.6.1. Multivariate approach
Factor analysis with principal component analysis (FA/PCA) as the

extraction procedure was used to highlight the associations between
the genotoxic responses (DNA strand breaks in kidney, liver, and gill tis-
sues; comet scores; frequencies of micronuclei, blebbed, lobed, vacuo-
lated and notched nuclei; and total nuclear abnormalities in blood),
contaminant body burdens (Cu, Mn, Zn, Cr, Co, Ni, Cd, Pb, and As), and
total metabolites of PAHs in the bile in each season (dry and rainy).
The variables were autoscaled (standardized) so as to be given equal
importance. Only factors with eigenvalues greater than 1.0 were
interpreted (Kaiser criterion). The variables selected for interpretation
were those associated with the factors with a loading ≥0.60, a value
which is more conservative than the loading cut-off recommended by
Tabachnic and Fidell (1996). The relevance of the associations observed
with each of the 6 sampling stations (cases) was estimated by calculat-
ing the factor score from each case to the centroid of all cases for the
original data. All of the analyses were performed using the STATISTICA
12 software (StatSoft Inc., USA).

3. Results

3.1. Condition factor (K)

The length of the specimens collected in the different sampling sta-
tions along the APA-CIP during the dry seasonwere quite homogeneous
(ranging from 16.4 cm to 20.5 cm) (ANOVA; p N 0.05) but specimens
from P1 exhibited significantly higher condition factor compared to
the other stations (ANOVA; p ≤ 0.05).

During the rainy season, organisms from P5 showed significantly
higher length than those fromP1, P2, and P4 (ANOVA; p ≤ 0.05), howev-
er fish from P1 and P2 showed significantly higher condition factor than
specimens from P3 and P5 (ANOVA; p ≤ 0.05).

3.2. Body burden of metals

Levels of metals (Cu, Mn, Zn, Cr, Co, Ni, Cd, Pb) and As in liver and
muscle tissues of C. spixii are shown in Table 1. During the dry season,
metal burdens in muscle and liver tissues were generally higher in the
sections of the APA-CIP around the city of Cananéia, whereas during
the rainy season, these values were higher in specimens from stations
affected by the RIR.

In some instances, levels of Cd, Pb, and As in the muscle were higher
than the levels set by Mercosul and by the Brazilian Sanitary Vigilance
Authority (ANVISA); these two institutions established limits of 0.3,
1.0, and a range from0.05 to 0.3mgkg−1w.w. for Pb, As, and Cd, respec-
tively (ANVISA, 2013). Levels were also higher than those set by the
FAO/WHO (2014), which are 2.0 mg kg−1 w.w. for Pb, and 1.0 mg kg−1

w.w. for As and Cd. In addition, the values were higher than those set
by the EC — European Commission (2002, 2006), in which Cd ranges
from 0.1 to 0.30 mg kg−1 w.w. and Pb is 0.30 mg kg−1 w.w.

3.3. PAH metabolites in bile

The levels of PAHs (2-ringed, 4-ringed, and 5-ringed) in the bile
(Fig. 2a and b) were significantly correlated with each other (p ≤ 0.05)
among the sampling sites during the dry season. Still in the dry season,
the concentrations of all analyzed PAHs increased at P3 (although sig-
nificant differences were detected only for 4- and 5-ringed PAHs), and
4-ringed PAHswere significantly higher at P3 and P4 (ANOVA; p ≤ 0.05).



Table 1
Metals (mg kg−1 DW) and As (μg kg−1 DW) burdens in muscle and liver in each sampling site (P1 to P6) during the dry (D) and rainy (R) seasons.

Sampling stations

Variables P1-D P3-D P4-D P5-D P6-D P1-R P2-R P3-R P4-R P5-R P6-R

Cu mus 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Mn mus 2.01 0.13 3.81 0.13 0.13 3.40 0.27 0.44 0.13 0.13 0.13
Zn mus 11.14 9.19 34.52 12.24 15.36 34.99 24.01 12.10 22.49 65.57 12.12
Cr mus 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Co mus 0.11 0.11 0.11 273.00 180.00 114.33 98.81 98.24 242.08 122.70 100.42
Ni mus 0.09 0.09 109.35 339.33 201.29 125.44 93.27 102.13 140.89 117.90 85.01
Cd mus 13.64 9.04 10.56 1.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
Pb mus 32.39 21.64 47.88 73.22 49.83 31.56 8.06 0.11 0.11 0.11 0.11
As mus 2.17 10.73 5725,47 21.98 149.23 2.55 4.26 2.76 7.86 3.02 9.51
Cu liver 79.06 11.23 0.10 22.24 88.93 10.82 25.49 43.77 146.70 10.78 17.37
Mn liver 0.13 0.13 0.13 0.13 0.13 0.13 4.33 2.15 0.13 4.09 5.80
Zn liver 123.93 146.82 143.59 201.47 259.69 347.42 381.07 306.71 110.89 122.57 537.84
Cr liver 5.72 6.08 22.91 39.28 16.22 14.90 6.90 0.08 0.08 0.08 0.08
Co liver 2.59 13.47 160.00 333.59 140.81 229.00 135.26 233.52 250.00 43.41 23.69
Ni liver 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
Cd liver 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 1.18 0.11 1.58
Pb liver 2.13 0.11 0.11 0.11 0.11 6.39 0.11 0.11 0.11 0.11 0.11
As liver 2.78 1.23 1.51 2.18 1.85 0.85 1.79 1.11 7.35 2.55 2.20
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In the rainy season, only 5-ringed and 6-ringed PAHs were signifi-
cantly correlated (p ≤ 0.05). 2-ringed PAHs showed the highest value
at P4 (ANOVA; p ≤ 0.05), and 4- and 5-ringed are significantly higher
at P1 and P6 (ANOVA; p ≤ 0.05).
Fig. 2. a and 2b: PAH in bile of Cathorops spixii sampled from the APA-CIP during the dry
season (D) and during the rainy season (R). Legend: Site with a line instead of a bar
means that no organisms were sampled.
3.4. Genotoxic responses

Comet scores (Fig. 3a) showed significant differences only during
the dry season, P5 and P6 being the highest scores (ANOVA; p ≤ 0.05).
Regarding the frequency ofmicronuclei, organisms from site P1 showed
significantly higher values compared to the those from some other sites
(P3, P5, P6) during both the dry and the rainy season (KW; p ≤ 0.05)
(Table 2). The highest frequencies of blebbed, notched, and total
nuclear abnormalities during both seasons were all recorded for site
P5 (Table 2), though the means did not differ significantly among the
sites studied (KW; p N 0.05).

Like comet score values, the DNA strand break results in liver tissue
were significantly higher at P5 and P6 only during the dry season (KW;
p ≤ 0.05) (Fig. 3b). DNA damage in kidney tissues was higher at P1, P3,
and P5 during the dry season, and at P1 and P3 during the rainy season
(Fig. 3c) (KW; p ≤ 0.05). In the gills, DNA strand break levelswere higher
at P1 and P6 during the dry season (Fig. 3d); during the rainy season, P3,
P4 and P5 presented higher values (KW; p ≤ 0.05) with a clear increas-
ing trend from P1 to P5.
3.5. Multivariate approach

Two different datasets were used to perform the FA/PCA: (i) one for
the dry season data and (ii) the other for the rainy season data. The total
explained variance of each FA/PCA was 84% for the dry season data and
86.41% for the rainy season data.

The data from the dry season yielded three new variables, or factors
(Table 3). Factor 1 (F1) (which explained 44.7 6% of the variance)
showed an association among DNA damage in blood (comet scores),
blebbed and notched nuclei, and body burdens ofmetal inmuscle tissue
(Co, Ni, and Pb) and in liver tissue (Co, Cr, and Zn). In the score analysis,
these associationswere found to be highly relevant at sites under the in-
fluence of the urban area, particularly in the case of P5 (Table 4). Anoth-
er group of variables from F1 included micronucleus induction, some
metals (Cd in the muscle and Pb in the liver), and all analyzed PAHs in
the bile (Table 3). These associationswere reflected in the higher scores
at P1 and P3 (Table 4). Meanwhile, F2 (22.11% of explained variance)
was associated with genotoxicity (DNA strand breaks in liver and gills,
and frequency of vacuolated nuclei) and with As and metals (Cu and
Pb) in the liver (Table 3). These associations were seen with progres-
sively higher scores at three of the sites (P1 N P6 N P5) (Table 4). Another
group associated with F2 was that of As and metals in muscle (Mn and
Zn), 2- and 4-ringed PAHs, but with no relationship to genotoxicity. F3

Image of Fig. 2


Fig. 3. a to 3d: DNAdamages in target tissues of Cathorops spixii (blood, liver, kidney and gills). Legend: Sitewith a line instead of a boxplotmeans that noorganismswere sampled. Data are
presented as boxeswith boundaries that indicate 25th and 75th percentiles and a linewithin the box showing themedian values. The use of different letters shows significant differences
during the same season (p ≤ 0.05).
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(18.24% of explained variance) was found to be linked both to
genotoxicity results (DNA damage in kidneys, in addition to notched,
blebbed, and total nuclear abnormalities) and to Cr levels in the liver.
This associationwas particularly relevant at P1, followed by P5. Another
group of variables from F3 included the frequency of vacuolated nuclei
Table 2
Frequency of micronucleated cells and nuclear abnormalities in Cathorops spixii sampled in the

Micronuclei Blebbed Lobed

Dry season
P1-D 1.92±2.10 5.85±3.58 0.08±0.28
P3-D 0.00±0.00 6.53±5.36 0.07±0.26
P4-D 1.20±1.87 5.80±4.83 0.00±0.00
P5-D 0.13±0.35 17.25±17.04 0.00±0.00
P6-D 0.14±0,36 5.21±5.37 0.00±0.00

Rainy season
P1-R 0.93±1.16 14.80±15.69 0.00±0.00
P2-R 0.60±0.70 21.00±16.08 0.00±0.00
P3-R 0.09±0.30 21.00±15.85 0.00±0.00
P4-R 0.00±0.00 22.00±7.57 0.00±0.00
P5-R 0.00±0.00 32.10±35.42 0.00±0.00
P6-R 0.14±0.37 27.71±13.05 0.00±0.00
associatedwithmetals in the liver (Zn and Cr); the highest scorewas re-
corded at P6.

The FA/PCA applied to the rainy season data matrix rearranged the
data into three new variables (Table 3). F1 (which explained 38.4% of
the variance in the original dataset) found genotoxicity responses
APA-CIP, during the dry and rainy seasons. TNA means total nuclear abnormalities.

Vacuolated Notched TNA

2.23±2.95 7.77±3.59 17.85±8.06
1.13±1.73 4.93±2.22 12.67±6.52
2.50±5.87 7.00±5.42 16.50±9.62
1.88±2.70 13.63±8.63 32.88±24.77
2.07±1.94 7.00±6.37 14.64±12.29

3.80±5.65 28.73±12.38 48.27±19.52
2.10±3.21 18.30±5.74 42.00±14.82
1.55±2.25 19.64±11.28 42.27±23.07
0.57±0.79 14.71±4.99 37.29±11.16
1.80±5.03 22.50±18.49 56.40±12.08
0.86±1.86 14.86±9.17 43.57±15.67

Image of Fig. 3


Table 3
Summary of factor loadings (after Varimax rotation) of the FA-PCA applied on the
data matrices of dry season (only loadings N0.44 are showed) and rainy season (only
loadings N 0.50 are showed). The variances of the principal factors are given in percentage
of the total variance in the original data matrices.

Dry season Rainy season

Factors F1 F2 F3 F1 F2 F3

Variance 44.70% 22.12% 18.24% 38.40% 27.70% 16.82%

Mn muscle – −0.50 – −0.95 – –
Zn muscle – −0.74 – – – –
Co muscle 0.91 – – – −0.98 –
Ni muscle 0.97 – – – −0.79 –
Cd muscle −0.91 – – – – –
Pb muscle 0.90 – – −0.99 – –
As muscle – −0.78 – – – −0.83
Cu liver – 0.84 −0.49 – −0.91 –
Mn liver – – – – 0.64 −0.51
Zn liver 0.82 – −0.48 – 0.60 −0.60
Cr liver 0.85 – 0.48 −0.97 – –
Co liver 0.91 – – – −0.51 0.58
Cd liver – – – – −0.97 –
As liver – 0.79 – – −0.92 –
Pb liver −0.63 0.62 – −0.95 – –
PAHs (2 rings) −0.61 −0.75 – – −0.94 –
PAHs (4 rings) −0.58 −0.78 – −0.85 – –
PAHs (5 rings) −0.82 – – – – −0.85
PAHS (6 rings) −0.77 – – – – −0.87
Total nuclear abnormalities – – 0.90 – −0.50 –
Micronuclei −0.64 – −0.96 – –
Blebbed nuclei 0.44 – 0.73 0.51 – −0.82
Vacuolated nuclei – 0.59 −0.57 −0.57 – 0.50
Notched nuclei 0.54 – 0.83 −0.96 – –
DNA damage in kidney – – 0.98 – – –
DNA damage in liver – 0.79 – – – 0.68
DNA damage in gills – 0.98 – 0.90 – –
DNA damage in blood 0.92 – – – 0.55 −0.80
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(frequencies of micronuclei, notched nuclei, and vacuolated nuclei) to
be associated with 4-ring PAHs in the bile and with bioaccumulated
metals (Mn and Pb in muscle tissue and Cu and Pb in liver tissue)
(Table 3). The estimated scores for this factorwere higher at the sites af-
fected by the Ribeira do Iguape River (particularly P1) (Table 4). F2
(27.7% of explained variance) was found to be associated with DNA
damage in blood cells and bioaccumulated Zn and Mg in liver tissue.
These associations occurred with a high score at P6. Other associations
with F2 included total nuclear abnormalities, accumulated As, Cd, Cu,
and Co in the liver, and Co and Ni in muscle tissue, including 2-ring
PAHs. This factor was relevant only at P4. F3 (16.8%) revealed an associ-
ation among genotoxicity (DNA damage to erythrocytes and blebbed
nuclei frequency), PAHs in the bile (5- and 6-rings), As contents in
Table 4
Factor scores estimated for each of the sampling stations in dry (D) and rainy (R) seasons
evaluated in the APA-CIP to the centroid of all cases for the original data.

Station F1 F2 F3

Dry season
P1-D −1.12 1.10 0.33
P3-D −0.83 −0.48 −0.08
P4-D −0.03 −1.47 −0.03
P5-D 1.18 0.29 1.28
P6-D 0.81 0.55 −1.50

Rainy season
P1-R −1.93 0.05 0.18
P2-R −0.16 0.31 −0.05
P3-R 0.52 0.67 1.25
P4-R 0.37 −1.99 −0.04
P5-R 0.82 0.35 0.46
P6-R 0.38 0.61 −1.79
muscle tissue, and Mn and Zn in liver tissue (Table 3). These relation-
ships were strongly relevant at P6 (Table 4).
4. Discussion

The results of the current study suggest that contaminants from
land-based activities – in this case, a formermining area and urban sew-
age discharge – tend to cause genotoxic effects on fish from theAPA-CIP.
The FA/PCA demonstrated that relationships between bioaccumulated
metals (mainly Cr, Zn, Co, Pb and Cu) and genotoxic effects were repeat-
edly found during both the dry season and the rainy season.

Cr was the metal that was most frequently associated with
genotoxicity in the current study. Previous studies corroborate the
genotoxicity of Cr by reporting the occurrence of genotoxic effects in
different fish species exposed to K2Cr2O7 (Ahmed et al., 2013), Cr (VI)
(Al-Sabti et al., 1994; Li et al., 2011), Cr (III) (Al-Sabti et al., 1994), as
well as to water from a chromium-containing tannery effluent dis-
charge site (Matsumoto et al., 2006).

Although a previous investigation showed that Cr is not relatedwith
mining operations in the APA-CIP (Mahiques et al., 2009), other metals
potentially related to old mining activities in the area (e.g. Zn, Co, Cu,
Pb) also showed association between body burdens (especially in liver
tissue) and genotoxic responses. Pb in muscle was also frequently
linked to genotoxicity in the current study. Previous studies reported
genotoxic effects on Hoplias malabaricus (Ramsdorf et al., 2009) and
Prochilodus lineatus (Monteiro et al., 2011) in response to inorganic Pb
(Pb II) exposure. This metal has also been associated with lethality in
fish, as well as with decreased reproductive performance, growth inhi-
bition, and changes in behavior under sub-lethal exposure (Burdena
et al., 1998).

As showed by previous studies, Cu has also been linked to increased
genotoxicity in both saltwater and freshwater fish (Gabbianelli et al.,
2003; Harabawy and Mosleh, 2014). In the case of Zn, although many
studies have shown that its accumulation is a direct function of environ-
mental levels (refer to Hogstrand, 2012 for a review), the existence of
strongmechanisms of limiting internal Zn variation in fishwas also pre-
viously suggested, since this is an essential metal (McGeer et al., 2003;
Orieux et al., 2011). In the literature, the association of genotoxicity
with Zn is not as evident as with other metals, but other toxicity
responses have been reported, such as modification in hematological
parameters and disturbances in specific and non-specific immune
mechanisms of fishes (Witeska and Ko, 2003).

The multivariate analyses performed in the current study were able
to show that MN and NA were more frequently associated with
bioaccumulated metals than the other genotoxic responses (such as
DNA strand breaks). This difference can be partially explained by the
fact that DNA strand breaks reflect damage at the molecular level,
while MN/NA analyses quantify damage at the chromosomal level
(Wirzinger et al., 2007). At the molecular level, DNA damage assays
(comet assay or alkaline precipitation) detect alkali-labile sites or DNA
lesions that are repairable; on the other hand, the analyses at the chro-
mosomal level (MN and NA) detect fixed mutations that are persistent
for at least one mitotic cycle (Kassie et al., 2000). Therefore, the induc-
tion of MN and NA from cell injury and mitotic errors may be a result
of not-repaired DNA damage, and it may also be accompanied by cell
death via apoptosis and necrosis (Omar et al., 2012). Although the MN
levels observed in the current study were low, the genotoxic responses
at the chromosomal level tend to be more closely associated with con-
tamination exposure than the molecular-level responses. These results
suggest that the assessment at chromosomal level is less vulnerable to
the natural environmental variations in estuaries. This is important for
the environmental assessment or monitoring of MPAs, since differenti-
ating the effects of contamination from the effects of the natural envi-
ronmental tends to be more difficult in areas showing moderate levels
of contamination.
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Furthermore, the MN results indicate that some chromosome re-
sponses may also be linked to seasonal differences, e.g. water tempera-
ture. As shown in Table 2, MN cell frequencies at the different sampling
sites were higher during the dry season (which corresponds to the aus-
tral winter and the lowest water temperatures of the year) than during
the rainy season (austral summer). This difference suggests that the
mechanism of chromosome repair may be more effective during the
rainy season, when water temperature is higher (a situation which
also increases fishes' metabolism). Previous studies showed the role of
low temperature in DNA damage. This is likely to occur because protein
synthesis decreases as a result of low RNA translation rates (Benincá
et al., 2012; Pellacani et al., 2006; Buschini et al., 2003). Thus, DNA repair
mechanismsmay be slower and less efficient, and can lead eventually to
genetic damage (Pellacani et al., 2006; Buschini et al., 2003). Although
these studies show evidences of mechanisms for genetic material repair
only at the molecular level, our results suggest that the repair mecha-
nismsmay act at the chromosomal level as well. The use of genotoxicity
responses for the environmental assessment ofMPAsmust take into ac-
count seasonal variations on mechanisms of DNA and chromosome
repair.

Another factor that can influence the differences observed in the
bioaccumulated metals is the use of different tissues for the analyses.
The genotoxic responses assessed in peripheral blood were more fre-
quently associated with body burdens of metals than they were with
the responses in kidney, liver, and gill tissues. Variations in the damage
to genetic material is expected in different tissues because of the differ-
ential background levels of DNA single-strand breaks in tissues with
different amounts of excision repair, and also because of different me-
tabolism levels and concentrations of antioxidants (Lee and Steinert,
2003; Ali et al., 2008). The higher responsiveness of blood tissue to con-
taminantswas explained due to the greater lifespan of circulating eryth-
rocytes in comparison to cells in kidney, liver, and gill tissues (Ramsdorf
et al., 2009).

The FA/PCA results show that, during the dry season, fish from the
sites located closer to the mouth of the RIR (P1 and P3) were found to
have increased levels of PAHs in the bile, of Pb in liver, and of Cd inmus-
cle tissue, all of which were associated with a higher frequency of
micronuclei. The site closest to the mouth of the RIR (P1) was also
found to have increased levels of As, Cu, and Pb in the liver, in addition
to vacuolated nuclei and greater DNA damage in the liver and gills. Dur-
ing the rainy season, P1 specimens were again found to have increased
Pb levels in both the liver and muscle tissues. This increase was associ-
atedwith othermetals (Mn inmuscle tissues and Cr in the liver), aswell
as with 4-ring PAH, micronuclei, vacuolated nuclei, notched nuclei,
and DNA damage in the gills. It is important to note that salinity is an
important controlling factor for the bioavailability of contaminants in
estuaries (Chapman and Wang, 2001). It is known that the mixing of
freshwater with marine water may decrease the bioavailability of
contaminants due to processes of coagulation, precipitation and floccu-
lation (Chapman and Wang, 2001). Therefore, besides the higher input
of contaminants in areas closer to the river (Mahiques et al., 2009),
the low-salinity environment may also increase the bioavailability of
contaminants.

The results suggest that C. spixii from the sites under the influence of
the RIR were affected by the continuous input of bioavailable metals
from the RIR basin. Previous studies found high levels of Pb, Cu, Zn,
and Cr in suspended sediments of the RIR (Guimarães and Sígolo,
2008) and this has been attributed to the presence of mining waste
from former mining activities in the area. Mahiques et al. (2009)
found that the levels of metals (Pb, Cu, Zn, and Cr) in the APA-CIP in-
creased significantly after the RIRwas deviated into the estuary through
the Valo Grande Channel.

Although the input from the RIR, the levels of metals in the sedi-
ments of the APA-CIP have been found to be moderate (Mahiques
et al., 2009). However, the current study found that these metals may
be available to demersal fishes such as the C. spixii, and that they can
be the cause of the observed genotoxicity. The bioavailability of metals
to C. spixii is consistent with a previous study that reported on the levels
of Pb, Cd, Hg, Cu, and Zn in the muscle tissue of C. spixii from the APA-
CIP: levels were found to be equivalent to levels present in specimens
from a highly polluted estuary in Brazil (Santos, São Paulo State)
(Azevedo et al., 2012). The demersal behavior and benthic foraging
habits of this species may contribute to their exposure to the contami-
nated sediment, which, even at moderate levels, affects the health of
these fishes and potentially impacts other benthic species.

The relevance of associations among body burdens of metals and As,
levels of PAH metabolites and genotoxicity responses in catfish from
sites closer to the city of Cananéia suggest that, besides the formermin-
ing activities, urban activities are also an important source of toxicmetal
and PAH pollution in the APA-CIP. The current findings corroborate pre-
vious studies in this area, which linked the presence of contaminants of
the urban runoff from the city of Cananéia with toxicity (Cruz et al.,
2014) and biomarker responses (Gusso-Choueri et al., 2015).

Metals seem to be the main class of contaminants to be linked to
genotoxicity in the APA-CIP, though PAHs in bile have also been associ-
atedwith genotoxicity at the chromosomal level (MN andNA) and even
with DNAdamage in gill tissues in areas impacted by theRIR. The higher
correlation among the PAHmetabolites in the bile found during the dry
season indicates that these compounds have the same source of pollu-
tion in this season. The results also suggest that the pollution source
originates in urban activities, since there is a slight increase in PAHs in
bile of C. spixii from areas closer to the city (Fig. 2a). Data on PAHs in
the bile during the rainy season is not as correlated as the dry-season
data, a difference which indicates that the input of individual PAHs
differs within the APA-CIP. This is clearly demonstrated in Fig. 2b,
where a substantial increase in 2-ringed PAHs (usually associated
with petrogenic sources) was found at P4, which is the site closest to
the city of Cananéia. PAH sources in the area impacted by urban activi-
ties also include nautical structures (marinas, decks, nautical garages,
and small docks), ferry boat stations, nautical gas stations, and urban
drainage (Cruz et al., 2014).

In the current study, 4-ringed PAHmetabolites in the bile (linked to
pyrolytic sources) were the most highly correlated with genotoxicity,
especially during the rainy season. Closer to the city of Cananéia,
2-ringed PAHs were also linked to total nuclear abnormalities, again
during the rainy season. It is well known that PAHs are associated
with strong mutagenicity and carcinogenicity (Myers et al., 2003;
Cavaş and Ergene-Gözükara, 2005; Ergene et al., 2007; Costa et al.,
2008). These events include mechanisms of chromosomal breakage
(leading to the formation of MN and other NA), but they are still not
fully understood (Costa et al., 2008).

The aforementioned associations among bioaccumulated As, metals,
PAH levels in bile, and genetic biomarkers (DNA breakage, micronuclei
frequency and other nuclear abnormalities) in C. spixii provide evidence
that these contaminants, even in a moderately contaminated area, have
genotoxic effects and may affect the health of fishes (in this case, in the
APA-CIP). Genotoxicity responses in C. spixii were suitable for identify-
ing sources of pollution. Additionally, the use of different organs was
very important for detecting environmental risk of exposure among
the local biota in terms of genotoxicity and complex mixtures of con-
taminants in the environment.

5. Conclusions

The combined use of univariate statistical methods and the multivar-
iate approach allowed the identification differences in the responsiveness
of genotoxicity analyses in different tissues to bioaccumulation of As,
metals, and exposure to PAHs. The current results indicated that the
peripheral blood tissue and genotoxicity response at chromosomal level
respond better to contaminants body burdens. This is relevant informa-
tion to subsidize environmental monitoring and assessment programs
in MPAs.



237P.K. Gusso-Choueri et al. / Marine Pollution Bulletin 104 (2016) 229–239
The multivariate approach also showed that, although previous
studies reported moderate metal contamination of APA-CIP sediments,
the metals and As are bioavailable and causing genotoxicity in catfish.
The results suggest that the main sources of bioavailable metals to the
APA-CIP are the Ribeira de Iguape River (RIR) and the city of Cananéia.
PAHs can also be a contributor to the genotoxicity responses found in
C. spixii from the sites around the city of Cananéia.
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