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a b s t r a c t

The Alagados Reservoir (Brazil) is an important source for the supply of water, recreation
and fishery. Since 2002, the occurrence of cyanobacterial blooms (paralytic shellfish toxins –
PST producers) have been noted. This study was aimed at the monitoring of PST occurrence
in the Reservoir’s water and fish. Biomarkers such as ethoxyresorufin-O-deethylase (EROD),
glutathione S-transferase (GST), catalase (CAT), and acetylcholinesterase (AchE) activities,
lipoperoxidation (LPO), histopathology, and comet assay were analyzed in fish. Water and
fish were sampled in spring, summer and autumn. The PST concentrations in water were
5.15, 43.84, and 50.78 ng equiv Saxitoxin/L in the spring, summer and autumn, respectively.
The PST muscle concentration was below the limit for shellfish. Gonyautoxins (GTX) were
found in water samples and fish muscle, and GTX 5 was the major analogous found in
muscle. In the summer samples, the LPO, genetic damage, and the GST and AchE activities
increased while in the autumn an increase in EROD activity and genetic damage were
observed. In all samplings, histopathological alterations in the fish gills and liver were
found. The results showed a seasonal variation in the fishes health, which could be related
also to farming activities and to the contaminants bioavailability during the year.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The alteration of landscapes and the pollution of water
resources by both natural and human-made processes have
serious ambient, economic, and public health conse-
quences. Thus, the use of water, either for regular supply or
for generation of energy, must be managed in a responsible
manner.
x: þ55 41 3266 2042.
ssis).

. All rights reserved.
The enrichment of nutrients in aquatic ecosystems,
especially those containing phosphorus and nitrogen, is an
important factor that leads to the eutrophication of these
systems and to an accelerated growth of algae (Briand et al.,
2003). Cyanobacterial proliferations, also known as blooms,
cause negative impacts on the ecosystem, on the health of
animals living in these systems, and on human populations
that use these water bodies for water supply and/or
recreational purposes (Chorus and Bartram, 1999; Wiegand
and Pflumacher, 2005). Cyanobacteria that produce
poisonous toxins (cyanotoxins) have been reported from
around the world over the past few decades (Carmichael,
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1994; Codd et al., 2005). Cyanotoxins are classified on the
basis of their chemical (cyclic peptides, alkaloids, or lipo-
polysaccharides) or toxicological (hepatotoxins, neuro-
toxins, or dermatotoxins) properties (Patocka, 2001).

In 1999, Lagos et al. published the first report describing
the production of saxitoxin analogs by the freshwater
cyanobacterium Cylindrospermopsis raciborskii in South
America. Because the occurrence of blooms due to the
proliferation of this species was observed in different reser-
voirs in Brazil (Chellappa and Medeiros Costa, 2003; Tucci
and Sant’Anna, 2003; Yunes et al., 2003; Sperling et al., 2008),
saxitoxin analysis of water assumed great importance.

The Alagados Reservoir supplies water to three cities in
the State of Paraná in southern Brazil. Electrical energy
generation, recreation, and fishing are the other important
activities associated with the reservoir. Farming activities
and disordered occupancy near the reservoir are the main
causes of water eutrophication. Consequently, frequent
cyanobacterial blooms, with concomitant production of
saxitoxins, have occurred since 2002 (Yunes et al., 2003).
Analyses conducted over the past several years have shown
cyanobacterial levels as high as 8� 105 cells/ml (Instituto
Ambiental do Parana, 2007).

Saxitoxins comprise a group of more than 20 molecules
with a tetrahydropurine structure, which are also known as
paralytic shellfish toxins (PST) due to their occurrence and
association with seafood. They are produced by some species
of dinoflagellates and cyanobacteria and can be classified
into four groups based on their chemical structure as
follows: saxitoxins (STX, decarbamoyl saxitoxin-dcSTX,
neosaxitoxin-neoSTX, decarbamoyl neosaxitoxin-dcneoSTX,
and nonsulfated STX); gonyautoxins (GTX 1 to 6, dcGTX 1 to
4, and single-sulfated GTX); C-toxins (C 1 to 4, doubly
sulfated C-toxins); and other variants identified in Lyngbya
wollei (LWTX 1 to 6).

All these toxins block neuronal transmission by binding
to site 1 of the voltage-gated Naþ channels in nerve cells,
causing neurotoxic effects (Patocka, 2001; Briand et al.,
2003; Wiegand and Pflumacher, 2005). Moreover, there are
evidences of STX being a gating modifier of hERG K, and
that can block L-type Caþ2 currents in myocytes (Wang
et al., 2003; Su et al., 2004).

The aim of this study was to analyze the presence of
PSTs in both water and muscle tissue of a fish species from
the Alagados Reservoir and to assess the toxic impact of this
water on a selected group of biomarkers during different
seasons of the year. In this study, the activities of ethoxyr-
esorufin-O-deethylase (EROD) and glutathione S-trans-
ferase (GST) were estimated to identify the changes in
hepatic biotransformation; hepatic lipoperoxidation (LPO)
and activity of catalase (CAT) were evaluated to investigate
the disturbances in cellular oxidative stress. Brain and
muscle tissues were used to study the acetylcholinesterase
(AchE) activity. Histopathology studies of the gill and liver
were used as physiological and morphological biomarkers
due to the constant contact of the gill with water and the
importance of the liver as the major center of xenobiotic
metabolism.

Finally, the genotoxic effect was applied as an indicator
of general damage and its assessment was carried out using
the comet assay.
2. Material and methods

2.1. Fish

Geophagus brasiliensis (Perciformes, Cichlidae) is
a native fish widely distributed in Brazil. It is the most
common species in the Alagados Reservoir and was hence
used in this study to analyze the effect of pollutants present
in the Alagados waters.

Specimens of G. brasiliensis and samples of water were
collected from the Alagados Reservoir in November 2007
(corresponding to spring in the southern hemisphere),
February 2008 (summer), and May 2008 (autumn). Fish were
anesthetized with 2% benzocaine and then killed by medullar
section. The total length of each fish was measured, and blood
was collected for the comet assay. The third-left gill arch and
a liver fragment were sampled for histopathological studies.
Samples of the brain, liver, and axial muscle were frozen at
�70 �C for biochemical analyses. The muscle was also
collected and stored in the dark at�20 �C for PST analysis.

2.2. Water analysis

The water was harvested always at two different points:
at the deepest point of the Reservoir (near the dike, P1) and
at the edge (P2), a shallow point at a distance of 720 m from
P1. The water was harvested always at 11 a.m. at a depth of
50 cm under the water surface (euphotic zone). One sample
was preserved with a Lugol solution for studying the cya-
nobacterial count (Utermöhl, 1958), and another was stored
at 4 �C for 24 h until used for analysis of PSTs by high-
performance liquid chromatography (HPLC). The corre-
sponding results were expressed as the mean values of the
two points (P1 and P2).

The pH, temperature, and levels of dissolved oxygen in
the water were measured during the samplings.

2.3. Determination of PSTs in water and fish-muscle tissue

Water (500 ml) was first lyophilized, then resuspended
in acetic acid (0.5 M), and stored at �20 �C for subsequent
analysis. The water samples were filtered with cellulose
acetate filters (0.45 mm) before HPLC analysis.

Pools of approximately 10 g of fish muscle were used to
determine the PST content in each group. The pools were
homogenized in HCl (0.1 N) and then centrifuged at
10,000� g at 19 �C for 10 min. The supernatants were filtered
with cellulose acetate filters (0.45 mm) before HPLC analysis.

Analyses of the two classes of PST (GTX and STX) in
water and fish-muscle tissue were carried out by HPLC with
postcolumn oxidation using a fluorescence detector, as
described by Oshima (1995). PST standards, from the
National Research Council, Canada, were also run before and
after sample analyses. The detection limits were deter-
mined as follows: STX, 0.89 ng/L; NeoSTX, 2.33 ng/L; GTX 1,
1.03 ng/L; GTX 2, 0.72 ng/L; GTX 3, 0.21 ng/L; GTX 4,
0.24 ng/L, and GTX 5, 0.01 ng/L.

The concentrations of each toxin analog, as determined
by chromatographic analyses, were converted to equiva-
lents of STX (STX eq.) for comparing the toxicity of each
variant with that of STX (Hall et al., 1990).
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2.4. Biomarkers

Samples of liver were homogenized (10% w/v) in cold
(4 �C) phosphate buffer (0.1 M, pH 6.5). Homogenates were
centrifuged at 10,000� g for 20 min at 4 �C. Aliquots of the
supernatant (S9 fraction) of each sample were collected for
analyses of LPO and activities of EROD, GST, and CAT.

Samples of brain (10% w/v) and muscle (5% w/v) were
homogenized in cold (4 �C) potassium phosphate buffer,
0.1 M, pH 7.5. Homogenates were centrifuged at 10,000� g
for 20 min at 4 �C. The supernatant (S9) was used for
assessing AchE activity.

EROD activity was measured according to the method of
Burke and Mayer (1971), as modified by Silva de Assis
(1998). The measurement was carried out with a Shimadzu
spectrofluorimeter using 530 and 590 nm as the excitation
and extinction wavelengths, respectively. Enzyme activity
was calculated as pmol of resorufin formed/min/mg of
protein, using a standard curve of resorufin.

GST activity was measured at 340 nm using the method
described by Keen et al. (1976). The enzyme activity was
calculated as mmol 1-chloro-2,4-dinitrobenzene conjugate
formed/min/mg protein.

Analysis of LPO was carried out using the ferrous
oxidation-xylenol orange assay at 570 nm (Jiang et al.,
1992). LPO levels were expressed in nmol of hydroperox-
ides/mg protein.

The CAT activity was measured at 240 nm based on the
method described by Aebi (1984). Enzyme activity was
expressed in mmol H2O2 consumed/min/mg protein.

Measurements of AchE activity were recorded using the
method of Ellman et al. (1961), modified for microplates by
Silva de Assis (1998). The absorbance was recorded at
405 nm, and the enzyme activity was expressed as nmol of
thiocholine formed/min/mg protein.

Protein concentration was determined using the Brad-
ford’s (1976) method, with bovine serum albumin as the
standard.

2.5. Histopathology

Samples of gill and liver were preserved in ALFAC fixa-
tive solution (every 100 ml of solution contained 85 ml of
80% ethanol, 10 ml of 40% formaldehyde, and 5 ml of 100%
acetic acid) for 16 h, dehydrated in a graded series of
ethanol baths, diaphanized in xylol, and embedded in
Paraplast-Plus resin (Sigma). The sections (5 mm) were
stained with 1% Harris hematoxylin and eosin/floxin and
observed under a Zeiss-Axiophot photomicroscope.

Histopathological alterations were evaluated according
to Bernet et al. (1999) by considering the proposed alter-
ations and their respective factors of importance. Score
values, ranging from 0 (unchanged) to 6 (severe occur-
rence), were attributed to each alteration depending on the
degree and extent of the alteration. The liver- and gill-
injury indexes (IL) were calculated as IL¼

P
rpþ

P
alt (aw),

where rp¼ reaction pattern, alt¼ alteration, a¼ score
value, and w¼ importance factor. Melano-macrophage
centers (MMCs/mm2) were determined microscopically
using an eyepiece grade. The structures were quantified in
15 fields (sorted randomly) on each slide.
2.6. Comet assay

A blood sample was diluted in fetal bovine serum,
stored in ice in the dark for 24 h, and then prepared for the
comet assay (Ramsdorf et al., 2009), which was carried out
as described by Singh et al. (1988), with some modifications
proposed by Ferraro et al. (2004).

The slides for microscopy were prepared with 10 ml of
the cell suspension in low melting-point agarose (120 mL)
at 37 �C, followed by incubation in a lysis solution at 4 �C for
7 days. After lysis, the slides were placed in a solution of
NaOH (10 N) and EDTA (200 mM),buffer (pH> 13) for
30 min to unravel the DNA. Electrophoresis was carried out
at 25 V and 300 mA for 25 min at 4 �C, and the slides were
neutralized for 15 min with 0.4 M Tris, pH 7.5, fixed in 95%
ethanol for 5 min, and stained with 0.02 mg/ml ethidium
bromide. DNA strand breaks were scored using a Leica
epifluorescence microscope at a magnification of 400�. For
each fish, 100 cells were visually analyzed according to the
method of Collins et al. (1997).

2.7. Statistical analysis

The Kolmogorov–Smirnov normality test preceded data
analysis. One-way analysis of variance (ANOVA) was used,
followed by the Bonferroni test, to analyze biochemical
data, Melano-macrophage centers, and lengths of the fish.
The correlation between the AchE activities in the muscle
and brain and the total lengths of the fish was analyzed by
the Pearson correlation. The data from the comet assay
were analyzed using the Kruskal–Wallis test. The data
regarding the histopathological injury indexes and the PST
concentrations in muscle were analyzed using the Kruskal–
Wallis test, followed by the Dunn’s test. All data were
statistically analyzed by the GraphPad Prism v5.00.288
(GraphPad Software, Inc.). All tests were regarded as
statistically significant when p< 0.05.

3. Results

3.1. Analysis of PST levels in water and fish muscle

The percentage of cyanobacteria in relation to the total
phytoplankton was about 40% in spring, whereas it was 88%
in summer and autumn. Only gonyautoxins (GTXs) were
detected in the water (Tables 1 and 2).

In autumn, the weather made the sampling of G. brasi-
liensis difficult; consequently, the number of fish sampled
was smaller than in other seasons of the year.

The toxin profile of fish muscle from all samplings
showed the presence of GTXs (Table 3). GTX5 was the
dominant compound in this profile, representing almost
100% of total PST concentration in all samplings. There was
no significant difference in the PST concentrations in
muscle among the three samplings.

3.2. Biomarkers

EROD activity (Fig. 1A) was significantly higher in
autumn than in spring and summer. GST activity in the liver
(Fig. 1B) was significantly higher in summer than in spring



Table 1
Physical-, phytoplankton-, and PST analyses of the water from Alagados
Reservoir in spring of 2007, and summer and autumn of 2008 (mean of P1
– near the dike; and P2 – at the edge).

Spring Summer Autumn

Temperature (�C) 23.5 26.9 16.8
Dissolved O2 (mg/l) 8.5 9.5 6.2
pH 8.2 8.6 7.4
Cyanobacteria (Cells/ml) 28,237 119,743 116,911
Cylindrospermopsis

raciborskii (Cells/ml)
27,180 110,758 107,398

Total phytoplankton
(Cells/ml)

63,269 124,927 123,178

STX eq. (ng/L) 5.15 43.84 50.78
PST GTX 2, 3

and 5
GTX 2, 3, 4
and 5

GTX 2, 3, 4
and 5

Table 3
Total PST concentration, concentration in STX eq. and toxins in muscle of
Geophagus brasiliensis from Alagados Reservoir.

Spring
(7 pools,
n¼ 24)

Summer
(5 pools,
n¼ 25)

Autumn
(2 pools,
n¼ 15)

Total PST concentration
(mg/100 g)

2.21� 1.56 3.06� 1.45 2.40� 0.09

STX eq. (mg/100 g) 1.22� 0.87 1.97� 0.93 1.54� 0.05
PST GTX 3, 4 and 5 GTX 3 and 5 GTX 3 and 5
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and autumn. LPO (Fig. 1C) was significantly higher in
summer than in autumn, but it was not different compared
to that of spring. No differences were observed among the
three samplings for CAT activity (Fig. 1D) in the liver and
AchE activity in the brain (Fig. 1E). AchE activity in muscle
(Fig. 1F) was significantly higher in summer than in spring
and autumn.

In all the seasons, no significant correlation was
observed between the brain AchE activity and total length
of fish. Only in the spring, a negative correlation
(r¼�0.6497) was observed between AchE activity in
muscle and the total length of fish. The total length of fish
(mean value� SEM) showed significant differences among
the seasons and were recorded as follows: 14.05� 0.67 cm
in spring, 11.93� 0.29 cm in summer, and 9.92� 0.49 cm in
autumn.

Several alterations in the gills and liver (Figs. 2 and 3) of
fish from the Alagados Reservoir were observed, with
a notable histopathological injury index in all the seasons;
nevertheless, these indexes were not significantly different
among the various seasons for both tissues. Hyperplasia of
the epithelium (with partial or total lamellar fusion) was
the most frequent lesion in gills in all the seasons. Parasites
were observed in all groups. In both spring and summer,
aneurysms were observed, in addition to agglomerations of
cells that remain unidentified until date. Inflammation and
Table 2
Total PST concentration, concentration in STX eq. and PST profiles in % ng/L
in water from Alagados Reservoir, in spring of 2007 and summer and
autumn of 2008, in P1 (near the dike) and P2 (at the edge).

STX eq.
(ng/L)

Total PST
concentration
(ng/L)

Percentage of total PST (% ng/L)

GTX 2 GTX 3 GTX 4 GTX 5

Spring
P1 4.60 38.25 13.69 7.68 bdl* 78.61
P2 5.69 9.71 58.7 41.29 bdl* bdl*

Summer
P1 48.81 82.76 27.45 12.04 56.74 3.75
P2 38.87 63.50 27.85 13.32 58.81 bdl*

Autumn
P1 18.11 37.39 54.15 27.89 15.19 2.75
P2 83.44 117.21 bdl* 5.40 93.17 1.41

* bdl¼ below detection limit
preneoplastic lesions were observed only in summer. In the
liver, necrosis was the most frequent lesion in all groups. In
the spring and summer samplings, vacuolar degeneration,
cytoplasmatic deposits, and tissue alterations were
observed, whereas in autumn, preneoplastic lesions were
found to occur. The frequency of the alterations is shown in
Table 4.

The Melano-macrophage centers count was signifi-
cantly higher in the spring than in both summer and
autumn (Fig. 4).

The genetic damage in summer and autumn was higher
than that in spring (Fig. 5).
4. Discussion

4.1. Paralytic shellfish toxins

The cyanobacterial bloom observed during this study
followed the same profile reported years ago (Instituto
Ambiental do Paraná, 2007). The bloom increased in
summer in comparison to spring and remained at the same
level up to the end of autumn, with a predominance of
Cylindrospermopsis raciborskii (Table 1). The cyanobacterial
count in the water in the three studied seasons of the year
exceeded the limit proposed by the World Health Organi-
zation (WHO) (20,000 cells/ml) for protection of health
with mild and/or low probabilities of adverse effects related
to recreational water (Chorus and Bartram, 1999). PST
occurrence in the water was found in all samples (Table 2).
The PST (in STX eq./L) and the C. raciborskii count in the
water were enhanced eight and four times, respectively, in
the summer compared to the values in spring. Although the
PST concentration in the water during the three samplings
was below the limit of 3 mg STX eq./L suggested by Fitzgerald
et al. (1999), which was adopted by Brazilian legislation as
the standard for water meant for human consumption, the
WHO considers that there is not enough knowledge to
establish a safe limit for PST ingestion.

The PST concentration (in STX eq./100 g) in fish muscle
in this study was found to be similar in all the three seasons
of the year, in spite of the differences in C. raciborskii counts
and in the levels of STX eq. in the water. Nassem (1996)
stated that the level of saxitoxinol (a synthetic analogous of
STX) in the muscle was not reduced significantly 48 h after
exposure, suggesting that the binding of this toxin to
muscle is irreversible; this finding may explain the absence
of differences among the PST concentrations in muscle
observed in this study.



Fig. 1. Biochemical biomarkers evaluated in Geophagus brasiliensis from Alagados Reservoir in spring 2007, summer and autumn 2008. Results are expressed as
mean values � SEM. Different letters indicate significant differences among the groups (p< 0.05.), One-Way Anova, followed by Bonferroni test. (A) Specific
activity of EROD in the liver (pmol of resorufin/min/mg protein). (B) Specific activity of GST (nmol of conjugated CDNB/min/mg protein) in the liver. (C) LPO (nmol
of hydroperoxides/mg protein) in the liver. (D) Specific activity of CAT (mmol of degradated H2O2/min/mg protein) in the liver. (E) Specific activity of AchE (nmol of
thiocholine/min/mg protein) in the brain. (F) Specific activity of AchE (nmol of thiocholine/min/mg protein) in the muscles.
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Cases of human toxicity caused by consumption of fish
containing PSTs were reported in 1976 in Brunei and in
1983 in Indonesia (Deeds et al., 2008). However, most of the
reports were related to toxicity caused by ingestion of
shellfish (Chorus and Bartram, 1999; Garcia et al., 2005;
Deeds et al., 2008). Internationally, a limit of 80 mg STX eq./
100 g has been established for shellfish (Chorus and Bar-
tram, 1999). The current results showed that the species G.
brasiliensis from the Alagados Reservoir accumulated PST in
the muscle during C. raciborskii blooms, with concentra-
tions remaining below the limit established for shellfish.

In spite of the apparent low concentration of PST in both
the water and the fish muscle analyzed, the hypothesis of
trophic transference and biomagnification along the food
chain was not refuted. This phenomenon has been studied in
several xenobiotics, such as dichloro-diphenyl-trichloro-
ethane or DDT, polychlorinated biphenyls, toxaphene,
methyl mercury, and arsenic (Gray, 2002; DeForest et al.,
2007), whose effects can be more dangerous in organisms at
the highest trophic levels. No data was found concerning PST
biomagnifications, regardless of some recent studies that
showed PST being transferred through predation and accu-
mulating in carnivorous organisms (Jiang et al., 2007).

Further studies are necessary for a comprehensive
picture, considering that the cyanobacterial count in the
present work was not as high as that found in other years.
In December 2006, the cyanobacterial count in Alagados
was 867,721 cells/ml, with a predominance of C. raciborskii



Fig. 2. Cross-sections of gills of Geophagus brasiliensis from Alagados Reservoir: (A) gills without lesions showing primary- and secondary lamellae (white- and
black arrows, respectively), (B) preneoplastic lesion (C) agglomeration of unidentified cells (arrow), (D) partial epithelial hyperplasia (arrow), (E) epithelial
hyperplasia with lamellar fusion. Bar scale¼ 100 mm
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(Instituto Ambiental do Paraná, 2007). Thus, contamination
profiles can differ, and consumption of water and fish can
represent a higher risk for public health. Laboratory studies
of both the biomagnification and the interaction of cyano-
toxins with other contaminants are essential for a better
understanding of the results obtained in biomonitoring
studies.

In this study, GTX 5 was the predominant toxin present
in the muscles, representing almost 100% of the total PST in
all samplings. Nevertheless, it was not the predominant
toxin present in water, except at P1 in spring. The greater
part of the PST found in water is formed by GTX 2, 3, and 4,
whose relative toxicities are higher than that of GTX5 (Hall
et al., 1990). In summer, more than 50% of PST concentra-
tion in the water was constituted by GTX4, which is the
more toxic subtype among the detected toxins, being
approximately 11 times more toxic than GTX5 (Hall et al.,
1990). Other studies from around the world also showed
substantial differences in (i) the toxin profiles among
aquatic organisms sampled from the same area and (ii) the
composition of PST producers (Sagou et al., 2005; Choi
et al., 2006; Samsur et al., 2006; Sephton et al., 2007; Deeds
et al., 2008). Our results are in agreement with the data
reported in literature and suggest that aquatic organisms
are capable of metabolizing these toxins into a less toxic
form.

Kwong et al. (2006) reported differences in the tox-
icokinetics of individual PST in mussels (Perna viridis) and
showed that the fish Acanthopagrus schlegeli can convert
one analogous type to another. Differences among PST in
ingestion, distribution, metabolism (chemical and enzy-
matic transformations), accumulation, and excretion in fish
or even metabolism by gastrointestinal flora could explain
the differences in PST profiles between the water and the
fish. The characteristics of the enzymes involved in the
metabolism of PSTs are poorly understood, but some recent
works (Naseem, 1996; Andrinolo et al., 2002; Fast et al.,
2006; Donovan et al., 2008; Garcı́a et al., 2008) have pre-
sented some clarifications regarding this issue.

4.2. Biomarkers

A few morphological, biochemical, and genetic alter-
ations were observed in G. brasiliensis collected from the
Alagados Reservoir in the three seasons of the year. These
suggest that there is a seasonal difference in the health of



Fig. 3. Cross-sections of liver of Geophagus brasiliensis from Alagados
Reservoir. (A) Liver without lesions, (B) Preneoplastic lesion, (C) Area of
inflammatory response (arrow), (D) Necrosis area (black arrow) and
pancreas tissue (white arrow). (E) Areas of cellular alteration (arrow)
enlarged in the inset (e), (F) Melano-macrophage center (white arrow) and
area of cellular alteration (black arrow) enlarged in the inset (f). Bar
scale¼ 100 mm.

Table 4
Prevalence (%) of the alterations in liver and gills observed in Geophagus
brasiliensis from Alagados Reservoir in spring of 2007, summer and
autumn of 2008.

Spring Summer Autumn

Liver lesions n¼ 23 n¼ 20 n¼ 15
Necrosis 69.56 80 73.33
Leucocytic infiltration 8.69 30 40
Melano-macrophage centers 91.30 85.00 86.66
Vacuolar degeneration 4.34 5 0
Cytoplasmatic Deposits 60.86 35 0
Preneoplastic lesion 0 0 13.33
Parasites 17.39 35 13.33
Cellular alterations 30.43 10 0

Gill lesions n¼ 20 n¼ 22 n¼ 9
Partial epithelial hyperplasia 85 68.18 33.33
Epithelial hyperplasia

with Lamellar fusion
30 50 44.44

Preneoplastic lesion 0 9.09 0
Aneurysm 10 4.54 0
Unidentified cells agglomeration 35 13 0
Leucocytic infiltration 0 9.09 0
Parasites 30 36.36 33.33
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fish. There was no difference in the CAT activity among all
the samplings, but no reference values were found for the
species studied. It is, therefore, difficult to know whether
the values were normal or not. Compared to the values of
other control fish species, the LPO of G. brasiliensis
appeared to be high in all the samplings, indicating
oxidative stress.

In all the samplings, the prevalence of epithelial hyper-
plasia in the gills, in addition to necrosis and Melano-
macrophage centers in the liver, was high. Gill lesions can be
interpreted as the result of the acute effects of xenobiotics,
depending on the type of lesion (Zodrow et al., 2004).
Hyperplasia plays a role in the defense mechanism but also
impedes the occurrence of gaseous interchanges (McDonald
and Wood, 1993; Garcia-Santos et al., 2007). Necrosis is
considered an irreversible lesion, associated with chronic
exposure to pollutants (Bernet et al., 1999), and can arise
from different mechanisms, such as lysosomal breakage,
tissue hypoxia, disturbance in protein synthesis, and
Fig. 4. Melano-macrophages centers (MMC/mm2) in liver of Geophagus
brasiliensis from Alagados Reservoir in spring of 2007, summer and autumn
of 2008. Results are expressed as mean values� SEM. Different letters
indicate significant differences among the groups (p< 0.05.). One-Way
Anova, followed by Bonferroni test.



Fig. 5. Score of genetic damage in blood cells of Geophagus brasiliensis from
Alagados Reservoir in spring of 2007, summer and autumn of 2008. Results
are expressed as mean and 10–90 percentiles. Different letters indicate
significant differences among the groups (p< 0.05.), Kruskal–Wallis test.
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carbohydrate metabolism (Oliveira Ribeiro et al., 2002;
Hinton et al., 2008). Melano-macrophage centers are
distinctive groupings of pigment-containing cells (melanin,
lipofuscin, or hemosiderin are the most common pigments)
in the tissues of heterothermic vertebrates. The function of
the Melano-macrophage centers in the liver of fish remains
uncertain, but some studies have suggested that it is related
to the destruction, detoxification, or recycling of endo- and
exogenous compounds. Several authors have suggested that
histopathological analysis of Melano-macrophage centers
could provide sensitive indicators of fish health or stressful
environmental conditions (Agius and Robert, 2003; Leknes,
2007; Hinton et al., 2008).

In spring, the genetic damage and the activities of EROD,
GST, and muscular AchE were low compared to the other
seasons of the year. In this season, however, the Melano-
macrophage centers concentration was two times as much
as in the other seasons.

In spring and summer, tissue differentiation, which has
been suggested as an early stage in the stepwise formation
of hepatic neoplasia (Hinton et al., 1992), was observed. The
prevalences of cytoplasmic deposits and tissue differentia-
tion were 60 and 30%, respectively, in spring, as against 35
and 10%, respectively, in the summer. It may be related to the
storage of lipids and glycogen and may additionally be
affected by other factors, such as availability of food, the
reproductive cycle, season, or alteration in the metabolism
of these cells (Stentiford et al., 2003; Arellano et al., 1999).
The reproductive period of G. brasiliensis in Brazil is from
September to January (Magalhães, 1931; Suzuki and
Agostinho, 1997). Thus, the vacuolization and cytoplasmic
deposits observed in this study can be related with the
reproductive cycle of these organisms. However, a possible
relation with pollutants cannot be rejected because Oliveira
Ribeiro et al. (2005) described the association of this type of
lesion with exposure to polycyclic aromatic hydrocarbons.

There was no difference in the CAT activity among all the
samplings, and the activity was lower than that reported by
Wilhelm Filho et al. (2001) in G. brasiliensis sampled from
reference and polluted areas. Previous studies have shown
that some xenobiotics are able to inhibit CAT activity (Van
der Oost et al., 2003; Bagnyokova et al., 2005) and that GST
activity can increase to compensate for the CAT activity. The
GST group of enzymes engages in reactive conjugation with
epoxide species and other electrophiles, and hence induc-
tion of these enzymes must be considered beneficial under
chemical stress (Van der Oost et al., 2003). In this study, the
GST activity of G. brasiliensis was higher than that deter-
mined by Wilhelm Filho et al. (2001).

In summer, an additional increase in the GST activity
was observed, along with increases in the genetic damage,
LPO levels, and AchE activities. The EROD activity was
similar to that in spring, and the results were similar to the
values of EROD activity observed in G. brasiliensis of
a reference area (Wilhelm Filho et al., 2001; Parente et al.,
2008). In the summer, there was a decrease in Melano-
macrophage centers concentration, and preneoplastic
lesions were observed in the gills of 9% of the individuals.
Exposure of aquatic species to genotoxic substances and
processes (such as oxidative stress) can produce effects
such as neoplasia (Nacci et al., 1996; Wester et al., 2002).
Moreover, because genotoxins may induce changes in DNA,
which are passed on to future generations, the biomarkers
of genetic damage can be used in a predictive manner,
thereby avoiding irreversible ecological consequences
(Valavanidis et al., 2006; Montserrat et al., 2007).

The increase in GST and EROD activities, in addition to
the increases in genetic damage and LPO, coincided with
the periods of highest concentrations of both PST and
cyanobacteria in the water from the Reservoir. Therefore,
further studies on the effects of PSTs in these biomarkers
are necessary. Some authors have previously correlated PST
with an increase or a decrease in GST and EROD activities
(Hong et al., 2003; Choi et al., 2006), whereas no such
correlation has been found by others (Hong et al., 2003;
Kozlowsky-Suzuki et al., 2009). Moreover, PST exposure has
been reported to cause an increase in LPO in clams (Gali-
many et al., 2008; Choi et al., 2006).

PST concentrations found in G. brasiliensis muscle were
similar among the three samplings. In spite of the similarity
of profiles of cyanobacteria and PSTs in water in both
summer and autumn, the behavior of biomarkers varied
among the three seasons of the year. The current results
suggested that the PST concentration in water was not the
main cause for the changes in biomarkers. As other
contaminants were not investigated, the seasonal alter-
ations found herein could also be probably associated with
their presence. The EROD activities found in autumn were
similar to those observed in a polluted area by Wilhelm
Filho et al. (2001).

The major part of the Alagados hydrographic basin is
used for farming activities, and the main crops grown are
soy and corn. Studies by Miranda et al. (2008) on Hoplias
malabaricus from the Ponta Grossa Lake (located in the same
region as the Alagados Reservoir) also showed an impact by
the activities described above, with the bioaccumulation of
27 different pesticides and metabolites in the muscles and
liver. Pesticides, such as glyphosate, imazethapyr, and
diflubenzuron; organophosphorus compounds, such as
monocrotophos, methamidophos, and clorpiriphos, pyre-
throids, such as deltamethrin; and triazoles are the most
frequently used in the region (NUCLEAM, 2002). Therefore,
the mixture of xenobiotics transported to the Alagados
Reservoir must be complex, and their bioavailability can
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vary throughout the year. Thus, exposure of fish to the
complex mixture can alter their metabolism by different
enzymatic pathways (GST and EROD), as reported in the
present work. These pesticides have been correlated with
alterations in the biomarkers studied (Almli et al., 2002; Lee
and Steinert, 2003; Sayed et al., 2003; Bagnyukova et al.,
2005; Valavanidis et al., 2006; Glusczak et al., 2007; Ying
et al., 2007; Ansari et al., 2009; Huculeci et al., in press; Lu
et al., 2008; Contardo-Jara et al., 2009).

The AchE activity may be used as a biomarker of expo-
sure to pollutants that are able to inhibit it, such as
organophosphorus and carbamates compounds, delta-
methrin, and/or glyphosate (Van der Oost et al., 2003;
Glusczak et al., 2007; Velisek et al., 2007). There is no
reference value for AchE activity in the species studied,
making the interpretation of the results difficult. The AchE
activity of the brain did not vary among the seasons of the
year, and the AchE activities in the brain and muscle were
similar to the values in other fish species (Sturm et al., 1999;
Oliveira Ribeiro et al., 2002; Ferrari et al., 2007; Guimarães
et al., 2007; Torre et al., 2007). Benincá (2006) reported an
activity of 33.31�8.44 in G. brasiliensis captured in
a reference area in summer, a value below that found in this
study. Thus, it does not appear likely that an inhibition of
AchE occurred in the fish analyzed in this study.

In summary, the present work showed that the Alaga-
dos Reservoir is impacted by anthropogenic activities;
consequently, the occurrence of cyanobacterial blooms has
been more frequent in recent years. The neurotoxins
produced by the blooms are bioavailable to Geophagus
brasiliensis, and the present findings indicate severe effects
to biota that are not only exclusively due to cyanotoxin
exposure, but also due to exposure to other pollutants.
Thus, a biomonitoring program is necessary because
unsuitable water quality can compromise the health of
humans and wildlife alike.
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