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Abstract We aimed to assess the quality of a midsize

river that receives agricultural and urban wastewater.

Nuclear abnormalities (NA), comet assays of blood and

gills, and gill histopathology were evaluated in fish Asty-

anax aff. paranae during the summer and winter 2011 at

three sites in Paraná State, Brazil: (1) a biological reserve

(Rebio—reference area); (2) an agricultural site; (3) a

downstream site that accumulates agricultural and urban

effluents. We found the highest effects of pollutants in fish

at the downstream site during the summer. The agricultural

site showed an intermediate damage rate, and fish at Rebio

generally had the least damage, with the exception of NA.

Despite conflicting results from the biomarkers used, we

observed an increase in damage associated with the accu-

mulation of pollutants. Pesticides are probable xenobiotics

in the agricultural area. Additionally, metals and sub-

stances such as pharmaceuticals and ammonia may be

present at the downstream site.

Keywords Comet assay � Histopathology � Pesticides �
Biological reserve � Sewage treatment plant

Industrial development and intense urbanization along

rivers introduces a large volume of different substances to

waterways, including thousands of xenobiotic organic and

inorganic chemical compounds (Van der Oost et al. 2003).

The discharge of these pollutants from industrial, domestic,

and agricultural sources negatively affects aquatic biodi-

versity as well as the health of humans that utilize the water

source (Amorim 2003).

Many animal species can be used as bioindicators to

assess the effects of xenobiotics. Fish are relatively sensi-

tive and are widely used as bioindicators of the impact of

xenobiotics on aquatic environments across several

response levels (Van der Oost et al. 2003). Fishes of the

genus Astyanax Baird and Girard (1854) are important

components of the trophic food chain in South American

rivers, and they comprise a considerable portion of the diet

of larger fishes (Prioli et al. 2002). However, stocks of

some species of this genus have been severely endangered

by the introduction of large predators (Agostinho et al.

2007) and by anthropogenic contamination. These fish

species have many properties that make them useful for the

assessment of bioindicators: they are omnivorous, can be

easily captured, have a convenient size for experiments,

and do well under laboratory conditions (Carrasco-Letelier

et al. 2006). Therefore, these organisms have been used in

many recent studies, including bioassays and environ-

mental biomonitoring (Alberto et al. 2005; Carrasco-

Letelier et al. 2006; Rossi et al. 2011).

Field studies comparing impacted and unimpacted areas

permit the evaluation of the health of fish in their own

environment, although it is not always possible to precisely
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determine the causal agent of organismal change. None-

theless, some biomarkers, such as the piscine micronucleus

test, comet assay, and the histopathological index, applied

to specific organs can provide a good estimate of the

general and long-term quality of the environment (Marti-

nez and Souza 2002).

Studies of environmental contamination using bio-

markers are currently recommended to be complementary

to environmental monitoring. According to Zhou et al.

(2008), these studies have obvious advantages over con-

ventional chemical analyses of aquatic environments; they

can: (1) detect sublethal effects on organisms; (2) present

integrative responses to complex mixtures of pollutants;

and (3) be used for predictive analyses of pollutants, even

at concentrations undetectable by analytical methods.

Biomarker analyses are important in field studies

because they are easy to perform and represent low-cost

tools for characterizing the effects of pollution in situ. They

provide integrative data regarding the health of biota and

the risks of exposure to human populations, and they have

recently been used in numerous biomonitoring studies

(Abdel-Moneim et al. 2012; Brito et al. 2012; Azevedo

et al. 2013).

The growth of urban, industrial, and agricultural activ-

ities around water sources associated with frequently

inadequate or insufficient water treatment has increased the

levels of pollutants in water bodies. In the last decades,

more and more xenobiotics have harmed the physical,

chemical, and biological processes of ecosystems, resulting

in serious disturbances. Thus, biomonitoring programs

have become relevant, principally because the effects of

agricultural and urban pollution on fishes can be evaluated

individually or cumulatively. The results of these bio-

monitoring studies can be subside to conservation pro-

grams and regulatory laws (Brito et al. 2012).

Thus, our study aimed to assess, during the summer and

winter of 2011, the water quality at two sites along the

Campo River, which receives different types of pollutants,

using the fish Astyanax aff. paranae as a bioindicator. Our

hypothesis was that the damage rate in biomarkers in A. aff.

paranae would increase because of the cumulative effects

of pollutants and that this would become more intense

during the summer.

Materials and Methods

The study area is located in two low-order tributaries of the

Upper Paraná River Basin, southern Brazil. The fish spe-

cies, A. aff. paranae, is restricted to these tributaries,

principally in the areas closest to the headwaters (Garutti

and Britski 2000). This species is a small characiform fish

that undertakes short reproductive migrations (Suzuki et al.

2004), although it usually remains in a specific area. It has

a short life cycle and omnivorous habits (Barbieri 1992).

The sampling sites are shown in Fig. 1. MP is located in

the Campo River, upstream of Campo Mourão, Paraná,

South Brazil. It is surrounded only by agricultural areas and

does not cross any urban or industrial zones. This site

probably receives only agricultural effluents. JP is located

in the same river, downstream of the city, and is charac-

terized by the discharge of different urban effluents,

including effluents from a municipal sewage treatment

plant and industrial waste. Flocculent materials, including

non-natural forms, were evident at this site, in violation of

the Brazilian law established by Resolution number 357

(Brasil 2005). At this site, it is necessary to note the

accumulation of agricultural and urban pollutants. Fur-

thermore, an artificial dam located between these two sites

prohibits the migration of fish. Campo Mourão has a

population of 90,000 people, and its economy is predom-

inantly based on agriculture, which occupies approximately

84 % of the municipal area of the city. Levels of crop

production, particularly of soy and corn, are very high due

to the low relief and deep soil, which have allowed the

development of mechanized agriculture in the region.

These favorable conditions for intensive cultivation have

led to environmental conservation being neglected, and

inadequate conservation practices that favor soil erosion

are still common in the region (Mizote 2008). Moreover,

agricultural activity is very important in this region as it

hosts the largest agricultural cooperative in Brazil and the

third largest in the world.

The third site (RE) is located in the Concordia Stream in

the Biological Reserve of Perobas (Rebio), in the city of

Tuneiras do Oeste. A Biological Reserve is a category of

conserved area stated in Brazilian law No. 9985 (National

System of Conservation Units—SNUC, Brasil 2000),

which aims for the integral preservation of biota and other

attributes existing in their natural limits. In this area, the

only human interference permitted is for procedures to

recover modified ecosystems and for management activi-

ties needed to restore and preserve the natural balance,

biodiversity, and natural ecological processes (Brasil

2000). This site is characterized by the lowest level of

anthropogenic impact.

The climate of the three sampling sites, according to the

Köppen climate classification, is moist mesothermal sub-

tropical (Cfa), with warm summers and infrequent frosts.

Summer is often the wettest season, without a defined dry

season. The mean maximum temperature in the warm

months is approximately 22�C, falling below 18�C in

winter, with a mean annual temperature of approximately

20�C. Annual rainfall at these sites varies between 1,300

and 1,600 mm, and relative humidity is 75 %. The winds

are predominantly from the northeast quadrant, but there is
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the possibility of frost in winter months when they blow

from the south or southwest (Maack 1981). Both the

Concordia Stream and the Campo River are situated on the

third plateau of Paraná, at an altitude of approximately

600 m (Paraná 2005; Silva and Filho 2011).

The regions of Rebio and Campo Mourão are charac-

terized by contact between seasonal semi-deciduous sub-

montane forest containing perobas (Aspidosperma spp.),

cedar (Cedrela fissilis), and palmettos (Euterpe edulis), and

the Araucaria Forest, dominated by Pinheiro-do-Paraná

(Araucaria angustifolia) (Castella and Britez 2004). The

cerrado, which is characterized by aluminum-rich soils, can

be found in both areas. Unfortunately, this phytogeo-

graphical component in Campo Mourão has been reduced

to a few fragments, many of them defaced by human action

and biological contamination by invasive species, e.g.,

Leucaena leucocephala (Guerreiro and Parolin 2008).

We sampled approximately 20 fishes (A. aff. paranae) at

each site during the winter (July 2011) and summer

(November 2011). All the procedures in this study were

carried out in accordance with the Guidelines for the Care

and Use of Laboratory Animals (following the Canadian

Council on Animal Care 2003).

Fishes were transported to the laboratory, anesthetized

with benzocaine, and euthanized by an excess of anesthe-

sia. The procedures described by Heddle (1973) and Sch-

mid (1975), as modified by Ferraro et al. (2004), were used

to perform the piscine micronuclei (MN) and nuclear

alteration test (NA). Blood samples were collected with a

heparinized insulin syringe and smeared on clean micro-

scope slides. Cells were fixed with ethanol PA and stained

with 10 % Giemsa for 10 min. One thousand cells from

each fish were analyzed using blind scoring under 1,0009

magnification. Only cells with intact cellular and nuclear

membranes were scored. Round or ovoid-shaped, non-

refractory particles with color and structure similar to

chromatin and a diameter 1/3rd that of the main nucleus,

and clearly detached from it, were interpreted as MN. At

the same time, consistent variations from the normally

smooth, elliptical shape of the erythrocyte nucleus were

recorded. Following the description by Carrasco et al.

(1990), the nuclear morphological alterations were classi-

fied as blebbed, lobed, vacuolated, binucleated, or notched

nuclei. All of these features were considered ‘‘nuclear

alterations’’ (NA) and were grouped together with MN for

statistical analysis.

Comet assays were performed with blood and gill

samples (Speit and Hartmann 1999, with modifications by

Ferraro et al. 2004). Gill and blood cells were homogenized

(Potter-type homogenizer at 1,500 rpm). A 15-lL sample

was taken from each replicate and mixed with 120 lL of

low-melting point agarose (0.5 %). The suspension was

spread onto slides previously coated with a normal agarose

layer. The resultant gel electrophoresis ‘‘comets’’ were

scored using a Leica� epifluorescence microscope. One

hundred nucleoids from each fish were analyzed (Kobay-

ashi et al. 1995) using a visual classification system based

on the migration of DNA fragments, defined as class 0 (no

visible damage), class 1 (little damage), class 2 (medium

damage), class 3 (extensive damage), and class 4 (maxi-

mally damaged). The comet score was calculated by mul-

tiplying the number of nuclei in a class by the class

number.

Gill samples were preserved in Alfac fixative solution

for 12 h (85 mL of 80 % ethanol; 10 mL of 40 % form-

aldehyde; and 5 mL of glacial acetic acid per 100 mL of

Fig. 1 Sampled area in

Northwestern Paraná State,

Brazil. MP: site in Campo

River, upstream of Campo

Mourão city. JP site in the river

downstream of the city. RE

Concordia stream in Biological

Reserve of Perobas, Tuneiras do

Oeste city
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solution), dehydrated in a graded series of ethanol baths,

and embedded in Paraplast-Plus resin (Sigma�). Sec-

tions (5 lm thick) were stained with hematoxylin/eosin

and observed under a Leica� photomicroscope. Morpho-

logical lesions were graded according to the injury index

described by Bernet et al. (1999), wherein observations of

injury to the gills were classified under three severity fac-

tors (minimal, moderate, and marked pathological impor-

tance) and an index was obtained. The following lesions

were quantified: total fusion, hyperplasia, aneurism, epi-

thelium displacement, necrosis, and epithelial atrophy.

The use of all of the above cited biomarkers can be

justified because, according to Moore and Simpson (1992),

biomarkers are best used as selected batteries of tests rather

than individually. In field studies like ours, a large number

of pollutants are present in complex mixtures, and they are

responsible for multiple effects on the many organisms

present (Bolognesi and Hayashi 2011). Therefore, the

evaluation of responses to mixtures of pollutants requires a

set of complementary biomarkers (Flammarion et al.

2002). For this reason, the investigated endpoints were

selected in order to examine several negative biological

impacts such as cytotoxicity, mutagenicity, DNA damage,

biochemical alterations, and histopathology (Van der Oost

et al. 2003). Thus, comparative analysis of the results

obtained at different biological levels may lead to sub-

stantial improvement in the knowledge of integrated fish

responses to toxin exposure.

All data were first tested for assumptions of normality

and homoscedasticity (Kolmogorov–Smirnov and Le-

vene’s test, respectively). These assumptions were satis-

fied; thus, analysis of variance (ANOVA) was used. We

used a two-way ANOVA model, and, in the presence of an

interaction, the factors ‘‘season’’ and ‘‘sampling site’’ were

analyzed together. In the absence of interaction, the factors

were analyzed individually. Group comparisons were per-

formed using Turkey’s test. The level of significance

adopted was 0.05 (Quinn and Keough 2002).

Results and Discussion

We observed considerable variations in the normal elliptical

nuclear shape of erythrocytes in the analyzed fishes, such as

MN and other nuclear abnormalities (NA). The different

types of abnormalities observed in nuclei are presented in

Table 1. In general, the frequencies of NAs were observed in

the following rank order: notched [ lobed [ binucleated [
MN [ vacuolated [ blebbed. MN were found exclusively

during the winter in Rebio and the agricultural site. They

were found in low frequency, which is common in fishes

because their small chromosomes are difficult to visualize

(Carrasco et al. 1990). Probably, the contaminants that

caused the high frequency of other nuclear morphological

alterations in Rebio during the summer, such as notched and

lobed NA, did not cause alterations in the MN test. Unlike

other NA, it is known that MN originate from the displace-

ment of a whole chromosome or an acentric chromosome

lost in a malsegregation (Schmid 1975). Thus, MNs are only

detected if there is a complete cell cycle and the contami-

nation occurred before anaphase in mitosis (Fenech 2007).

Alterations in nuclear morphology can be attributed to

damage to lamina, a cytoskeletal protein responsible for

maintaining the shape of the nucleus (Alberts et al. 2002).

Probably, contaminants that reach this endpoint are most

common in Rebio (summer), where contaminants cause

breaks in chromosomes or centromeres.

Notched nuclei, the most frequent NA found in this

study, have a well-defined slit of uniform width extending

an appreciable depth into the nucleus. Aneuploidy is due to

the failure of tubulin aggregation to form the spindle and

cytokinesis under the aneugenic action of toxicants; it can

result in the formation of notched nuclei and binucleated

cells (Fernandes et al. 2007). Binucleation is an indicator of

abnormal cell division due to the blocking of cytokinesis.

This abnormal cell division is considered to result in a

genetic imbalance in the cells, potentially leading to car-

cinogenesis (Çavas et al. 2005). Ateeq et al. (2002), while

elaborating the sequence of cellular degradation under the

impact of toxicants, suggested that toxicants cause hypoxic

conditions, which reduce ATP, leading to abnormally

shaped erythrocytes. Further, toxicants interrupt the lipid

solubility of membranes of erythrocytes, resulting in vac-

uolated cells, and ultimately lead to apoptosis.

A lobed nucleus has evaginations larger than those of a

blebbed nucleus. Lobed nuclei are generally rarer than MN

in normal cells, but can be found in up to 20 % of cells

treated with genotoxic substances such as antineoplastic

agents (Çavas and Ergene-Gözükara 2005a). There are two

hypotheses regarding the formation of lobed and blebbed

nuclei: (1) they result from problems in the segregation of

tangled and attached chromosomes; and (2) they are caused

by gene amplification via the breakage-fusion-bridge cycle

during the elimination of amplified DNA from the nucleus

(Çavas and Ergene-Gözükara 2005a). Further, Von Sonn-

tag hypothesized that these two abnormalities arise due to

the damage caused to the genetic material by free radicals

produced under oxidative stress caused by toxicants (Von

Sonntag 1987).

Several experimental studies have demonstrated that NA

other than MN are sensitive and informative biomarkers

(Pacheco and Santos 2002; Ateeq et al. 2002; Çavas and

Ergene-Gözükara 2005a). Consistent with the results from

our study, Çavas and Ergene-Gözükara (2005a) found the

following rank order of NA frequency: binucleated =

notched [ lobed [ blebbed. In this study, the frequencies
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of MN and other NA in fish captured from areas polluted by

different types of industrial effluent and aromatic hydro-

carbons were significantly higher than those in fish from the

reference area.

Some studies have attempted to associate different NAs

in fish with local or specific pollutants. For example, Çavas

and Ergene-Gözükara (2005b) found a significant induction

of lobed and blebbed nuclei in fishes exposed to petroleum.

Fernandez et al. (2011) observed significant differences in

notched and blebbed nuclei comparing between fish from a

preserved site and a region under the influence of urban and

harbor activities and diverse discharge sources in Brazil.

These results are consistent with those of our study, since

we also found notches to be the most common NA. Az-

evedo et al. (2012) compared a Brazilian estuary that was

relatively unaffected by human activity to three regions

impacted by various anthropogenic activities. They also

observed no significant differences in MN frequency.

Nevertheless, it is difficult to associate different types of

NA with a specific source of pollution (Carrasco et al. 1990).

However, in recent years, increasing attention has been paid

to NA other than MN, and it was demonstrated that this

biomarker may serve as an index of genotoxic and cytotoxic

damage (Pacheco and Santos 2002; Çavas and Ergene-

Gözükara 2005b; Frenzilli et al. 2009; Rybakovas et al.

2009).

A statistically significant interaction was observed

between the factors ‘‘season’’ and ‘‘site’’ (p \ 0.001) in NA

data. Although Rebio is considered to be a reference area,

since it is located in a protected area designated as a bio-

logical reserve, high NA frequency was found in the summer

in this region (Fig. 2a). This fish species has a short migra-

tion period during warm seasons (Suzuki et al. 2000), and the

specimens may have migrated from agricultural areas out-

side of Rebio to the head of the river within the reserve,

explaining the result. Thus, we observed a high value for NA

in Rebio during the summer, probably due to a specific

contaminant present in the buffer zone of Rebio in this sea-

son, which affects only this endpoint (genotoxic and

cytotoxic damage). In comparison with other biomarkers,

only NA exhibited a high value at this site, showing the

specificity of the responsible pollutant. The buffer zone of

Rebio is defined as 500 m on a horizontal projection from the

edge of the reserve, and aims to minimize the negative

environmental impacts of Rebio (Instituto Chico Mendes

2012). In this zone, agricultural activities are allowed, arti-

ficial grassland and sugarcane are cultivated, and pesticides

are sprayed (Instituto Chico Mendes 2012). Sugarcane is an

uncommon crop in Campo Mourão, and this can explain why

similar damage was not observed in the Campo River, which

is also affected by pesticides. Fishes exposed to pesticides

used to treat sugarcane crops can suffer a high level of

cytotoxic and mutagenic damage as determined by the NA

test, particularly during the rainy season (summer) (Silva

et al. 2014). A study by Armas et al. (2005) examined the

pesticides used in a sugarcane crop in Brazil and found that

the most used were glyphosate (19.9 %), atrazine (14.5 %),

ametrine (14.4 %), 2,4-D (10.6 %), metribuzin (9.4 %),

diuron (7.8 %), and acetochlor (7.3 %). Sharma and Vig

(2012) showed that atrazine and diuron caused chromosomal

aberrations and MN, which increased proportionally with

increasing concentrations of these pesticides. Çavas (2011)

also demonstrated the induction of MN in a fish exposed to

atrazine. Xie et al. (2004) found that an acetochlor-based

pesticide could increase the frequencies of MN and nuclear

anomalies, and had significant mutagenic activities on

erythrocyte nuclei in fish. For 2,4-D, a time- and dose-

dependent response of the MN frequency formation was

demonstrated in fish (Farah et al. 2003).

Despite the high NA value recorded in summer, the

results derived from other biomarkers support the use of

Rebio as a reference site, making it more probable that

these NA results were affected by an indeterminate specific

pollutant. In field studies like ours, an assessment of sev-

eral biomarkers, comparing the results obtained at different

biological levels may lead to a substantial improvement in

the knowledge of integrated fish responses to toxin

exposure.

Table 1 Observed mean and standard deviation (X ± SD) of micronuclei and other nuclear abnormalities in different sample sites and seasons

Season/site Blebbed Lobed Vacuolated BN Notched MN Total

Winter

Rebio 0.0 2.33 ± 2.03 0.0 0.0 3.33 ± 2.83 0.06 ± 0.24 5.72 ± 4.54

Agricultural 0.04 ± 0.21 1.70 ± 1.61 0.04 ± 0.21 0.44 ± 1.04 3.87 ± 2.82 0.17 ± 3.32 6.26 ± 0.39

Downstream 0.0 2.9 ± 1.21 0.05 ± 0.22 0.0 9.25 ± 4.55 0.0 12.20 ± 5.14

Summer

Rebio 0.0 12.77 ± 6.06 0.08 ± 0.28 0.08 ± 0.28 15.23 ± 7.92 0.0 28.15 ± 13.59

Agricultural 0.0 4.84 ± 1.57 0.0 0.0 5.79 ± 2.04 0.0 10.63 ± 2.67

Downstream 0.05 ± 0.22 3.55 ± 1.88 0.05 ± 0.22 0.0 6.35 ± 2.52 0.0 10.00 ± 3.84

BN Binucleated cells, MN micronuclei
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By excluding the NA result for Rebio in the summer, the other

results showed a general trend in the formation of abnormalities,

which corroborates the comet assay data (Fig. 2a, b); the lowest

damage index was observed in Rebio (winter), the middle index

in the agricultural area, and the highest was detected down-

stream, near the sewage treatment plant.

We also found that the histopathological damages in

gills tended to increase with pollutant accumulation, par-

ticularly in the summer. The lowest Bernet’s Index was

found in Rebio in the winter, and the highest mean was at

the downstream site in the summer (Fig. 2c). The results

from Rebio/winter and downstream/summer were signifi-

cantly different from each other and from other sites/sea-

sons. These samples represented a group with an

intermediate damage rate, without statistically significant

differences among them.

The histological alterations observed in gills may reflect

long-term exposure (Bernet et al. 1999). The main histo-

logical alterations found in our study, independent of sea-

son or site, were lamellar fusion and hyperplasia, which

affect gas exchange, and epithelial displacement, aneur-

isms, and lamellar hypertrophy (Fig. 3). Most of these

histopathological alterations can be interpreted as non-

specific responses to stress, and they are generally descri-

bed in fishes exposed to a broad spectrum of pollutants,

including metals, hydrocarbons, organic contaminants, and

other substances (Mallatt 1985). Pereira et al. (2013)

demonstrated that the proliferation of the lamellar epithe-

lium and consequent lamellar fusion increased concomitant

with a decrease in water quality, and that this was very

severe in areas with particularly poor ecological conditions.

These histological changes, promoting cell proliferation,

Fig. 2 Biomarkers in Astyanax aff. paranae sampled in Rebio and

upstream and downstream of Campo Mourão city during winter and

summer 2011. a Mean nuclear alteration frequency (%) considering

micronucleus and other morphological nuclear abnormalities –

ANOVA F (2,100) = 96.012, p = 0.0000. b Blood comet assay

score – ANOVA F (2, 97) = 8.1486, p = 00054. c Bernet’s index

calculated for gill histopathology – ANOVA F (2, 101) = 3.8408,

p = 0.02468. d Gill comet assay score – ANOVA F

(2,105) = 9.6371, p = 0.00014. Different letters (a, b, c, **) indicate

significant differences in Turkey test, p \ 0.05. C.I. confidence

interval
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are defense mechanisms that enlarge the diffusion distance

between the water and blood (Pereira et al. 2013) and have

already been described as responses to specific contami-

nants by other authors. For example, Arellano et al. (1999)

found that fishes exposed to copper showed lifting and

swelling of the lamellar epithelium. Similar results were

found in fishes exposed to nickel (Pane et al. 2004) and to

naphthenic acids, ions, and polycyclic aromatic hydrocar-

bons (PAHs) (Nero et al. 2006). Jiraungkoorskul et al.

(2003) observed cell proliferation, lamellar cell hyperpla-

sia, lamellar fusion, epithelial lifting, and aneurysm in gill

filaments after sub-chronic exposure to glyphosate. These

are potential pollutants in agricultural areas and down-

stream sites in our study.

Gill biomarkers seem to corroborate the order of the

study areas in the amount of fish exposure to pollutants. In

the comet assay for gills, the lowest damage rate was found

in Rebio in the summer (Fig. 2d). This rate was signifi-

cantly lower than that at the sites in the Campo River

during this season, in which no significantly different

results were found. In fishes collected during the winter, an

intermediate amount of damage was observed in the agri-

cultural area, but there was no significant difference

between damage in upstream fishes and fish from Rebio.

Comparison between seasons revealed that considering the

NA and histopathology results, the damage rate was higher

in the summer than in the winter.

The detection of DNA fragmentation using the comet

assay is used as a biomarker of recent exposure (Wirzinger

et al. 2007). Differences in the response between gill cells

and blood cells in the comet assay may be due to tissue-

specific physiochemical activities, concerning either

Fig. 3 Gills of Astyanax aff. paranae. a normal lamellae; b (arrow) aneurism; c parasite; d parasite implantation; e benign tumor, observe

leukocyte infiltration (arrow head); f total fusion of lamellae and hyperplasia. Bar 20 lm
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activation/detoxification mechanisms or the repair of dif-

ferent types of strand breaks (Ali et al. 2009). Furthermore,

the number of alkali-labile sites in DNA could vary among

different tissues, and different cell types can have consid-

erably different levels of DNA single-strand breaks due to

variation in excision repair activity, metabolic activity,

anti-oxidant concentrations, and other factors (Lee and

Steinert 2003).

In general, the agricultural site upstream of the city had

an intermediate level of damage. Despite no effects of the

influence of urban pollution, this site is affected by more

diffuse forms of pollution because it is surrounded by

agricultural areas and receives effluents from crop farms

bordering the river. According to data from the Department

of Agriculture and Supply of Paraná State (SEAB/PR)

(Paraná 2010), the region of this study receives an input of

10 tons of pesticides each year, principally herbicides

(59 %), insecticides (18 %), fungicides (9 %), adjuvants

(7 %), and other chemicals (7 %). Among the most popular

herbicides in the region used in soy and corn crops (the

major crops) are glyphosate ([30 % of the total), triazine,

sulfonylurea, and imidazolinone. Organophosphorous and

pyrethroid insecticides, benzimidazole, and triazole-based

fungicides are among the most applied in Campo Mourão. In

the same department, most of these pesticides are ranked as

class II (very dangerous) or III (dangerous). Currently,

glyphosate-based herbicides are the most used around the

world to control weeds (Çavas and Könen 2007), but their

genotoxic, mutagenic, and histopathological effects on fishes

have been reported by Çavas and Könen (2007); Marc et al.

(2004); Jiraungkoorskul et al. (2003), and many others. The

study by Çavas (2011) demonstrated the genotoxic potential

of triazine on fishes, showing significant increases in the

frequencies of MN and DNA strand breaks in erythrocytes

of Carassius auratus following exposure. This pesticide also

causes histopathological damage (Mela et al. 2013). The

organophosphorous insecticides are known to cause histo-

pathological damage in the liver and gills (Fanta et al. 2003)

and to inhibit acetylcholinesterase activity (Silva et al. 1993;

Bálint et al. 1995).

Our hypothesis that the negative effects would increase

because of the cumulative effects of pollutants was sup-

ported in the downstream area by most of the biomarkers

studied. Pesticides are most likely discharged into agri-

cultural areas, and the addition of sewage treatment plant

and industrial effluents can contribute to the effects

observed in the downstream site. The cumulative effects of

pesticides and sewage effluent are understudied, but it is

known that their mixture in aquatic environments can have

a synergistic effect on organisms (Rouimi et al. 2012; Gust

et al. 2013).

Our downstream site was located in the area of effluent

discharge from the municipal sewage treatment plant, and

this may have contributed to the highest effect on fishes.

This has been supported by the harmful effects of sewage

treatment plant effluents on fishes noted in previous stud-

ies. Talapatra and Banerjee (2007) concluded that fishes

cultivated in sewage-fed fish farms develop high rates of

NA and necrotic and apoptotic cells. Bucher and Hofer

(1993) exposed fishes to dilutions of biologically treated

domestic wastewater, and noted histopathological altera-

tions in the liver and kidneys, but not in the gills. Narain

et al. (1990) observed remarkable histological gill altera-

tions in fishes exposed to sewage pollution stress, with

hyperplasia as the most frequent alteration. Similar results

were found in our study.

Most sewage treatment plants perform only primary and

secondary treatment, which removes settleable solids and

organic matter (p and n) without the removal of specific

pollutants, generally toxic or non-biodegradable com-

pounds (Von Sperling 1996). Furthermore, the situation is

concerning because heavy metals, hormones, plasticizers,

and surfactants can remain in the effluents, which may

cause endocrine disorders in fishes (Silva de Assis et al.

2013). The mixture of heavy metal ions in water could

have toxic effects on fish to different extents, such as

affecting their breathing, immunity, enzyme activity, and

embryonic development, as well as causing DNA damage

by physicochemical, physiological, and detoxification

processes (Zhang et al. 2008). The main mechanism of

DNA damage caused by heavy metal ions is the induction

of a large number of free radicals. These free radicals break

DNA double chains. If the broken DNA strands are not

repaired rapidly, the functioning of DNA is impaired,

resulting in genotoxicity (Zhang et al. 2008).

In summary, the lowest alteration index was recorded in

Rebio during the winter, followed by the agricultural site

with an intermediate rate and the highest index in the

downstream site, downstream of Campo Mourão city. This

highest alteration index probably occurred due to the

cumulative effects of pollutants from agricultural, indus-

trial, and urban sources, as well as from the municipal

sewage treatment plant discharges at this site, and therefore

it requires more effective monitoring. We recommend

further studies with other biomarkers to corroborate the

effects of sewage and pesticides on fishes and other

organisms.
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conservação e diagnóstico dos remanescentes florestais. 236
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Çavas T, Ergene-Gözükara S (2005a) Micronucleus test in fish cells: a

bioassay for in situ monitoring of genotoxic pollution in the

marine environment. Environ Mol Mutagen 46:64–70. doi:10.

1002/em.20130
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sobre as demais espécies do gênero na bacia. Comun do Mus

Ciências e Tecnol da PUCRS- Série Zoológica 14:65–88

Guerreiro RL, Parolin M (2008) Espécies Nativas de Cerrado na
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