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ABSTRACT

This study evaluated the sub-lethal toxicity of cyanobacteria, especially Cylindrospermosis raciborskii, on Daphnia pulex
(water-flea) and Danio rerio (fish), through automated image processing, with the aim to develop a Real-Time Biomonitoring
System (RTBS) for detection of toxic cyanobacteria in water supplies. A system composed of a video camera coupled to
an image analyzer (Videomex-V®) and to a computer was used to evaluate the swimming activities of D. rerio and D. pulex.
The parameters ‘mean distance performed’ and ‘mean velocity’ were used as endpoints to evaluate the effect of samples of
cyanobacteria cultures or to raw water from the eutrophic Funil Reservoir. Results showed that both cyanobacteria cultures
and water samples from the reservoir altered the swimming activities of D. rerio, elevating the values of mean distance performed
and mean velocity. For D. pulex, the cyanobacteria cells caused the opposite effect, decreasing the swimming activity pa-
rameters, which can be related to the mechanism of action of saxitoxins. It was concluded that this system can be efficiently
used in the detection of toxic blooms of saxitoxin producing cyanobacteria in water supplies.

Key words: Real-Time Biomoinitoring, toxic cyanobacteria, sub-lethal toxicity, saxitoxins, aquatic organisms

RESUMO

Avaliacdo da toxicidade subletal de cianobactérias na
atividade natatéria de organismos aquaticos através de processamento de imagem

Neste estudo avaliou-se a toxicidade subletal de cianobactérias, especialmente Cylindrospermosis raciborskii, em Daphnia
pulex (microcrustaceo) e Danio rerio (peixe), através de processamento automatico de imagem, visando ao aprimoramento
de um sistema de Biomonitoramento em Tempo-Real (SBTR) para a detecgdo de cianobactérias toxicas em mananciais
de abastecimento. Um sistema composto de camera de video acoplada a um analisador de imagem (Videomex-V®) ¢ a
um microcomputador foi utilizado para a avalia¢do da atividade natatdria de D. rerio (peixe) e D. pulex (microcrusticeo).
Os parametros distancia média percorrida ¢ velocidade média foram utilizados como “endpoints” para avaliar o efeito
das amostras de cianobactérias cultivadas em laboratdrio e agua bruta do reservatdrio do Funil (eutréfico). Os resultados
mostraram que tanto as cianobactérias de culturas laboratoriais quanto amostras de agua do reservatorio alteraram a atividade
natatéria de D. rerio, elevando os valores de distancia percorrida e velocidade média. Para D. pulex, as células de
cianobactérias tiveram o efeito contrario, diminuindo significativamente ambos os parametros da atividade natatoria, o
que pode estar relacionado ao mecanismo de agdo das saxitoxinas. Conclui-se que este sistema pode ser utilizado com
eficiéncia na deteccdo de floragdes toxicas de cianobactérias produtoras de saxitoxinas em mananciais de abastecimento.

Palavras-chave: Biomonitoramento em Tempo-Real, cianobactérias toxicas, toxicidade subletal, saxitoxinas, organismos aquaticos.

*Corresponding author: Aloysio da S. Ferrdo Filho, e-mail: aloysio@ioc.fiocruz.br.
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INTRODUCTION

Cyanobacterial blooms have been a concern for authorities
worldwide, and have caused poisoning of wild and domestic
animals (Carmichael, 1992; Chorus & Bartram, 1999), as well
as humans, leading indeed to fatalities (Ressom et al., 1994,
Carmichael ef al., 2001). Several aquatic organisms are also
affected by toxic cyanobacteria and their toxins (Christoffersen,
1996; Landsberg, 2002), including zooplankton (DeMott et
al., 1991; Ferrdo-Filho et al., 2000), microcrustaceans
(Montagnolli et al., 2004), crayfish (Vasconcelos et al., 2001),
and fishes (Kershavanath ef al., 1994; Rodger et al., 1994;
Baganz et al., 1998; Zimba et al., 2001).

Saxitoxins, called also Paralytic Shellfish Toxins (PST),
are potent alkaloid neurotoxins produced by some marine
dinoflagelates and also by some freshwater cyanobacteria such
as Anabaena circinalis (Negri & Jones, 1995), Aphanizomenon
flos-aque (Landsberg, 2002) and Cylindrospermopsis
raciborskii (Lagos et al., 1999). Adverse effects of saxitoxins
in invertebrates includes a variety of responses including reduced
ingestion rates (Ives, 1985, 1987), avoidance of toxic cells
by chemosensory means in copepods (Huntley et al., 1986;
Sykes & Huntley, 1987; Teegarden & Cembella, 1996), reduced
somatic growth, size at maturity, and fecundity (Dutz, 1998;
Colin & Dam, 2004). Besides massive fish mortalities related
to toxic blooms in marine waters documented in some studies
(Landsberg, 2002), fish exposed to algal extracts containing
saxitoxins can show irregular swimming behavior, lost of
equilibrium and vertical orientation, diminished breading, and
paralysis (White, 1977).

Behavioral or physiological responses are not always
easily distinguishable by most traditional toxicity tests, and
sub-lethal effects may play an important role in the alteration
of the behavior of aquatic species, leading also to a decreased
fitness. Also, when aquatic organisms are submitted to a toxic
stress, they may show a significant alteration of their swimming
activity. Thus, this parameter can be a useful tool in the
evaluation of toxicity (Calow, 1993).

The detection of sub-lethal effects of toxicants by Real-
Time Biomonitoring Systems (RTBS), using as endpoints the
swimming activity of aquatic organisms, has an excellent
potential in ecotoxicological evaluation. RTBS have been
applied to the evaluation of toxicity of a wide range of toxic
substances, including to the detection of harmful algal blooms
(van der Schalie et al., 2001; Glasgow et al., 2004).

The aim of this work was to evaluate the potential for
the use of an imaging analysis system in Real-Time
Biomonitoring of harmful algal blooms, such as toxic
cyanobacteria. For this purpose, an image capturing system
coupled to an image analyzer (Videomex-V®) and to a
computer was used to evaluate the swimming activities of Danio
rerio (fish) and Daphnia pulex (water-flea), both exposed to
cultures of a saxitoxin producer strain of Cylindrospermopsis
raciborskii or to raw water from a eutrophic reservoir with
occurrence of this cyanobacterium.

Ferrdo-Filho et al.

MATERIAL AND METHODS

Cultures of test-organisms

A strain of Cylindrospermopsis raciborskii (Woloszynska)
Seenayya & Subba Raju, named CYRF, was isolated from the
Funil Reservoir, located at Resende (RJ, Brazil). This strain was
cultured in ASM-1 medium (Gorham et al., 1964), pH 8.0, 23 +
1°C, 40-50 LWE m™ s7' and 12:12h light-dark cycle. The form
of the strain was as straight trichomes of 100-200 wm in length.

The microcrustacean Daphnia pulex Leydig was obtained
from Carolina Biological Supply (North Carolina, USA) and
cultured in mineral commercial water (Minalba), with a hardness
of 77.2 mg CaCO,.L"", pH of 7.4, at 23 + 2°C and at dim light,
and fed the green algae Ankistrodesmus falcatus Braun at a
density of 1.6 x 10* cells ml™" (~0.5 mg C L™).

The cyprinid Danio rerio (HamiLToNn, 1822) was
maintained in dechlorinated tap water in aerated fish tanks,
containing a maximum of 50 fish per 50 L of water, at 24 +
1°C and fed lyophilized Spirulina as food every day.

Image Analysis System

For tests with D. rerio an static system was developed,
consisting of following components: a) an image analyzer
(Videomex-V®, Columbus Instruments, USA), which uses a
software denominated “Multiple Object Distance Traveled
(MODT); b) a video camera which send the digitalized image
of animals to a monitor; ¢) a registering cabinet, built in acrylic
(dimension 36 X 36 X 45 cm); d) an aquarium built in acrylic
covered with white insulfilm (dimension: 70 X 35 X 25 cm;
capacity: 20 L), with two acrylic exposing chambers inside
divided in 8 boxes (9,5 X 5,0 X 2 cm), with perforated surface
(wholes of 3 mm &) to facilitate the circulation of water; and
€) a microcomputer containing a software to receive data from
Videomex-V® and generate a spreadsheet in Excel format
(Figure 1). For tests with D. pulex, a registering cabinet was
built in acrylic covered with white insulfilm and EVA rubber
plates of 2.0 mm thick (dimensions: 16 X 16 X 37 cm), and
the exposing chamber was built in acrylic divided in three boxes
(10 x 25 x 5 mm), with 1 mL capacity (Figure 2).

Tests with D. rerio

One hour prior to the experiments 8 fishes (3-4 cm length)
per each trial were conditioned individually into the exposing
chambers, and exposed to either strain CYRF or to raw water
from Funil reservoir. Seventy two fishes exposed to clean tap
water were used for controls in comparison with fishes exposed
to strain CYRF, and other 40 fishes exposed to filtered Funil
reservoir water (Sartorius glass fiber filters) for comparisons
with animals exposed to Funil raw water. In the experiment
with cultured algae eight fish were exposed to freshly harvested
filaments of strain CYRF in the concentration of 10° cells.mL™,
and in the experiments with natural samples eight fish were
exposed to Funil reservoir raw water collected in two sampling
dates, in 25 May 2005 and 11 February 2006. The parameters
‘mean distance performed’ and ‘mean velocity’ were used as
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toxicity endpoints. After 1 hour of acclimation time, the
Videomex-V® system started automatically the registering of
fish activity. Five minutes before the test, the water pumps
were turned on to circulate the water inside the test compartment,
and samples of water from each side of the aquarium were
taken for measures of dissolved oxygen, pH, conductivity and
hardness. At the end of the experiment, another sample from
each test compartment was taken for physical and chemical
measurements. Each trial had 5 hours of registration period,
with 60 registering intervals of 5 min.

Tests with D. pulex

Ten minutes prior to the experiments, 3 individuals of
D. pulex (1.5 to 2.0 mm length) per trial were placed
individually in the exposing boxes containing 1.0 mL of
suspensions of the strain CYRF in mineral water. Controls with
18 animals exposed only to green algae were performed.

J. Braz. Soc. Ecotoxicol., v.2,n.2,2007 95

Animals were exposed to freshly harvested filaments of the
strain CYRF in three concentrations: 5 x 103, 10* and 5 x 10*
cells.mL"!. The parameters ‘mean distance performed’ and
‘mean velocity’ were used as toxicity endpoints. After 10 min
of acclimation, a 50 min registration period started automatically,
with 10 registering intervals of 5 min.

Cyanobacteria countings

Cyanobacteria from Funil reservoir samples were
counted according to Uthermohl (1958). Cells of each C.
raciborkii filament were counted in a Fuchs-Rosenthal
hematocytometer and filaments were measured for estimating
mean length.

Saxitoxin analysis

Saxitoxins were analyzed for total seston (2 L of raw
water filtered onto Satorius glass fiber filters) and net liophylized
phytoplankton (~10-20 mg).

4

1 9

5

7—7

L s 6
AR T T [e—

3 8

i

Figure 1 — Image analysis system for Real-Time Biomonitoring with Danio rerio. 1. microcomputer; 2. monitor;
3. Videomex-V®; 4. registering cabinet; 5. video camera; 6. glass aquarium divided in two compartments; 7. exposing chambers with
8 boxes; 8. water pumps; 9. glass funil with silicone tubes; 10. outflow of water.

Figure 2 — Details of the registering and exposing chambers for Daphnia pulex. 1. Registering cabinet for Daphnia pulex.
2. Close of the registering cabinet. 3. Close of the video camera (a) and exposure chambers (b).
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Both samples were extracted with 5 mL of 0.1 N acetic
acid for 1 hour. After that samples were centrifuged at 10800
g for 10 min. and the supernatant stocked in —18°C until the
analysis. All samples were analyzed by High Performance
Liquid Chromatography (HPLC) with post-column
derivatization method (Oshima, 1995) in a Shimadzu/CLASS
VP apparatus with fluorescence detector (RF-10A XL), adjusted
to 330 nm of excitation and 390 nm of emission, using a 20
ul loop, reverse column Merck LC-18 (Lichrocart® 150 mm X
4,6 mm &, 5 um). The mobile phase consisted of 2 mM
hepatanosulfonate in 30 mM ammonium phosphate buffer pH
7.1:acetonitrile 100:5 for STX e neoSTX analysis and 2 mM
de hepatanosulfonate in 10 mM ammonium phosphate buffer
pH 7.1 for GTXs analysis with a flow rate of 0.8 mL min™'.
The oxidizing reagent used was 7 mM periodic acid in 10 mM
sodium phosphate buffer pH 9.0 and the reaction with a flow
rate of 0.4 mL min~'. The oxidizing reaction was done in a
10 m coil of Teflon tubing at 80°C. Before the detection the
reaction was interrupted with a 0.5 M acetic acid. Standard
solutions of saxitoxin (STX), neosaxitoxin (neoSTX), and
goniautoxins (GTX 1 & 4 e GTX 2 & 3) were obtained from
the National Research Council (NRC), Institute for Marine
Biosciences, Canada.

Ferrdo-Filho et al.

Statistical analysis

A repeated measure analysis was used to detect significant
differences between treatments, using Systat® 9.0 statistical
package.

RESULTS

During the toxicity tests, there was not a significative
alteration of the physico-chemical parameters of water. Figure
3 shows the results for D. rerio exposed to raw water from
Funil reservoir in two dates. In May 2005, there was a signiﬁcant
treatment effect, elevating mean distance performed (F ,, =
31.65; p <0.001) and mean velocity (¥ ,, =24.59; p <0. 001)
a significant effect of time in mean distance performed (F. $02714
2.59; p <0.001) and in mean velocity (F,,, ,=2.20; p <0. 001),
and a significant interaction between treatment and time in
mean distance performed (£, , = 3.03; p <0.001). In February
2006, there was also a significant treatment effect, elevating
mean distance performed (¥, = 7.19; p = 0.01) and mean
velocity (F, ,,=6.45;p = 0. 015), a significant effect of time
in mean distance performed (F. 500714 — 4.36; p < 0.001) and
in mean velocity (F, ,,, = 2.78; p <0.001), but no significant
interaction between treatment and time for both parameters.
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Figure 3 — Results of the tests with Danio rerio exposed to raw water collected from Funil reservoir in two sampling dates.
The straight dark lines represent the 95% confidence intervals for data from 40 control fishes (5 control groups of 8 fishes)
exposed only to filtered reservoir water, and the symbols represent mean values.
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When D. rerio was exposed to strain CYREF, a significant
elevation of mean distance performed (£, ,, = 48.92; p <0.001)
and mean velocity (F, ;= 42.12; p <0.001) occurred (Figure
4). There was also a significant effect of time in mean distance
performed (F, ., = 2.27; p < 0.001) and in mean velocity
(Fy 4600 = 3-61; p <0.001), and a significant interaction between
treatment and time in mean distance performed (£, ., = 3.34;
» <0.001) but not in mean velocity. D. pulex showed a significant
alteration in swimming activity when exposed to strain CYRF
(Figure 5). There was a significant effect of treatment (cell density)
decreasing mean distance performed (£, ,, = 4.10; p =0.012)
and mean velocity only marginally (F, ,, = 2.79; p = 0.051).
There was a significant effect of time in méan distance performed
(£, = 12.61; p <0.001) and in mean velocity (£, , = 24.54;
p <0.001), and a significant interaction between treatment and
time in mean distance performed (£, ,,) = 2.61; p = 0.006) and

in and mean velocity (F =2.98; p <0.001).

3,47

27,423

Mean distance performed (mm)
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In the two sampling dates, total cyanobacteria densities
in Funil reservoir ranged from 2657 cells mL~" in May 2005
to 208372 cells mL™" in February 2006. Two potential saxitoxin
producer cyanobacteria occurred in those months, Anabaena
circinalis with 1383 cells mL™" (4% in biomass) in Feb/06,
and C. raciborskii with 861 cells mL™ (46.2% in biomass)
in May/05 and 152314 cells mL™ (91.2% in biomass) in Feb/
06, besides potential hepatotoxin producer genera such as
Microcystis with 1796 cells mL™" (53.8% in biomass) in May/
05, and 31071 cells mL™! (4.4% in biomass) in Feb/06. Other
cyanobacteria contributed with less than 1% biomass in those
months.

The toxin analysis showed that samples from Funil reservoir
contained saxitoxins (0.02 ug STX L'and 0.05 ug neoSTX
L™ in May/05, and 0.35 pug STX L', 1.76 pug neoSTX L' and
1.38 ug GTX~1 L in Feb/06). The strain CYRF contained 38.9-
52.0 ug STX g! and 55.0-77.4 ug GTX-1 g*.
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Figure 4 — Results of the tests with Danio rerio exposed to filaments of C. raciborskii (strain CYRF) in the
concentration of 10° cells mL'. The straight dark lines represent the 95% confidence intervals for data from 72 control fishes
(9 control groups of 8 fishes) exposed only to tap water, and the symbols represent mean values.
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Figure 5 — Results of the tests with Daphnia pulex exposed to filaments of C. raciborskii (strain CYRF)
in concentrations ranging from 5 x 10° to 5 x 10* cells mL".

DISCUSSION

The aquatic organisms used in this study responded
differently to the presence of toxic cyanobacteria in water. While
D. rerio showed an elevation of swimming activity parameters,
D. pulex showed the opposite trend. Although some studies
have shown that cyanobacteria can alter fish swimming pattern
and decrease oppercular beating rate (White, 1977), this study
showed that the C. raciborskii altered swimming activity of
D. rerio, elevating mean distance performed and mean velocity.
Despite several reports of fish mortality in the marine
environment related to red tide PST producers, few studies
had found consistent evidence that saxitoxins can affect fish
behavior and physiology. Lefebvre ef al. (2005) showed that
saxitoxins can alter the sensorimotor function of herring (Clupea
harengus pallasi), decreasing its response to spontaneous and
touch-activated swimming behavior. However, it was shown
that fishes recovered normal motor function after 4-24 hours
of continuous exposure.

Other cyanobacteria, however, can exert physiological
constraints to other fish. Keshavanath ez al. (1994) showed
that tilapia (Oreochromis niloticus) exposed to Microcystis

aeruginosa cells decreased opercular beating rate. Baganz et
al. (1998) showed that spontaneous locomotor activity of D.
rerio exposed to microcystins-LR presented a dose-response
effect, but that it was dependent on the time of the day (day-
time or night-time). Thus, the presence of other potential toxin
producer cyanobacteria in Funil reservoir suggests that other
toxins may be involved in the altered behavior of D. rerio and
deserves further research.

Saxitoxins act by blocking sodium channels in nerve cells,
leading to cessation of nerve impulse (Evans, 1965; Kao, 1965).
Thus, it is likely that the decrease in swimming activity of D.
pulex may be related to this neurotoxic effect. In another study,
Ferrdo-Filho et al. (in prep.) showed that D. pulex and Moina
micrura presented progressive immobilization (stop swimming)
after 24-48h when exposed to another saxitoxin producer strain
of C. raciborskii (strain T3), and recovered swimming behavior
when transferred to clean water. The same effect was observed
when animals were exposed to raw water from Funil reservoir
containing saxitoxins. They suggested that saxitoxins were
responsible by the observed effect, likely by stopping the
stimulus of nerve cells on the muscles of the second antennae,
which is responsible by the movement of the animal.
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Toxic effects of saxitoxin producer phytoplankton on
crustacean zooplankton has been reported in many studies,
mainly in the marine environment (Ives, 1985, 1987; Huntley
et al., 1986; Sykes & Huntley, 1987; Teegarden & Cembella,
1996; Dutz, 1998; Colin & Dam, 2004). Ives (1985) has
reported a ‘loss of motor coordination’ in copepods exposed
to toxic dinoflagellates but it was not clear if this effect was
related to the swimming behavior or to the feeding process
of these animals. Haney et al. (1995) have reported a reduction
in the thoracic appendages beating rate and an increase in
rejection rate of particles by the post-abdomen of Daphnia
carinata when exposed to a filtrate of Aphanizomenon flos-
aquae and to purified saxitoxin. However, any other study has
demonstrated that saxitoxins can exert inhibitory effects on
the swimming movements of freshwater cladocerans.

The mechanism of action must be different in different
taxa. While in D. pulex the saxitoxins appear to be acting by
inhibition of the nerve impulse, in fish a stimulatory effect
appears to have occurred. It is not possible, however, to affirm
if the effects observed in fish are either physiologically or
behaviorally mediated. It is not likely that fish nerve system
was overstimulated by saxitoxins containing filaments of C.
raciborskii in the water, since the opposite trend was predicted
taking into account the mechanism of action of these toxins.
The hyperactivity observed in fish could be a result of gill
irritation by contact with toxic filaments, or even the alteration
of physico-chemical parameters, if they could “smell” some
different compound in the water. However, the hypothesis that
other unidentified toxins would be present can not be discarded,
both in Funil water and in strain CYRF.

Concluding, D. pulex showed a sensitive response to C.
raciborskii filaments in the water, decreasing swimming activity
with increasing filament and saxitoxins concentrations, which
is compatible with the mechanism of action of these toxins.
The fish D. rerio showed an opposite trend, increasing
swimming activity, and the mechanism of action of these
cyanobacteria on these fish remains unclear and deserves more
investigation. Nevertheless, our image analysis system seem
to be efficient in detecting effects of toxic cyanobacteria and
can be used in Real-Time Biomonitoring of harmful algal
blooms in water supplies.
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ABSTRACT

Deltamethrin (2,2-dimetil-3-(2,2-dibromovinil)-ciclopropilcarboxilate alpha-cianofenoxibenzilo), a type Il pyrethroid, is
used in agricultural applications such as fruits and vegetables plantations, and as maidservants in the combat to fleas, ticks
and mange on pets. In the present study, tests of acute toxicity were performed with this pesticide in commercial formulation
for the species Danio rerio, Hyphessobricon bifasciatus, Geophagus brasiliensis and Oreochromis niloticus with the objective
of determining the values of lethal concentration 50% (LC 50), 48h. The tests demonstrated similar toxicity to the pesticide
for D. rerio and H. bifasciatus. The values of LC50;48h is 0.078 ug L' to D. rerio and 0.082 pug L' for H. bifasciatus
with 95% confidence limits 0.05-0.11 uL! for both. The tests performed with the species G. brasiliensis presented values
of LC 50;48h of 0.594 ug L' with 95% confidence limits 0.33-0.94 ug L. The species O. niloticus presented in the tests
the largest values of LC50;48h among the used species, 0.954 ng L' with 95% confidence limits 0.71-1.22 pg L™'. The tests
demonstrated a great toxicity of the pesticide for all tested species of the fishes, demonstrating that the contamination
of aquatic environmental can cause great fish slaughter in a short period of time, indicating the require of special attention
in relation to its use.

Key word: fish, deltamethrin, Danio rerio, H. bifasciatus, G. brasiliensis, O. niloticus acute toxicity.

RESUMO

Comparacio da toxicidade aguda da deltametrina em peixes autéctones e exoticos

Deltametrina (2,2-dimetil-3-(2,2-dibromovinil)-ciclopropilcarboxilato alpha-cianofenoxibenzil) € um praguicida piretrdide
do tipo II empregado no combate a insetos na agricultura ¢ pecuaria no controle de pulgas, carrapatos e outros insetos.
No presente trabalho foi estudada a toxicidade aguda de uma formulag¢do comercial deste praguicida nas espécies de peixes
Danio rerio, Hyphessobricon bifasciatus, Geophagus brasiliensis and Oreochromis niloticus com o objetivo de determinar
os valores da concentracdo letal 50% (CL50) em 48h. Os testes mostraram toxicidade similar ao pesticida em D. rerio
e H. bifasciatus. Os valores da CL;48h sdo 0,078 g L' para o D. rerio e 0,082 pug L™ para o H. bifasciatus com limites
de 95% de probabilidade 0,05-0,11 uL~! para ambos. Os testes feitos com a espécie G. brasiliensis apresentaram valores
de CL50;48h de 0,594 ug L' com limites de 95% de probabilidade de 0,33-0,94 ug L. A espécie O. niloticus apresentou
os maiores valores de CL50 entre as espécies estudadas, ou seja, 0,954 pug L' com limites de confianca de 95% de
probabilidade de 0,71-1,22 ug L', Os resultados indicam que o praguicida é altamente toxico para as espécies de peixes
em estudo e alertam que a contaminagdo do ambiente aquatico pode causar rapidamente a morte destes animais, requerendo
atengdo especial quando do seu emprego.

Palavras-chave: peixe, deltametrina, Danio rerio, H. bifasciatus, G. brasiliensis, O. niloticus, toxicidade aguda.
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INTRODUCTION

Synthetic pyrethroids, a new generation of high bioefficacy
insecticides, are gaining wide acceptance for insect control
all over the world. These insecticides are pyrethrins analogs,
extracts from the Chrysanthemum cineriaefolium, developed
to circumvent the rapid photo degradation problem encountered
with the insecticidal natural pyrethrins. The pyrethroids are
widely used in field pest control and household usage, as
veterinary and human pediculicides, and are among the most
potent insecticides known (Smith & Stratton, 1986). The
widespread use of these pesticides consequently leads to its
exposure (and to its possible toxic effects) to manufacturing
workers, to field applicators, to the ecosystem and finally to
the public. These insecticides are commonly divided into Type
I compounds (or T-syndrome pyrethroids), which lack an alpha-
cyano substituent, and Type II compounds (or CS-syndrome
pyrethroids), which contain an alpha-cyanophenoxybenzyl
substituent (Verchoyle & Aldridge, 1980).

In Brazil, deltamethrin (2,2-dimetil-3-(2,2-dibromovinil)-
ciclopropilcarboxilate alpha-cianofenoxibenzilo), a type II
pyrethroid , is used in agricultural applications, in the fruits
and vegetables plantations, as maidservants, in the combat to
fleas, ticks and mange on pets. Deltamethrin has been classified
as an “immobile” by the US EPA (URL 2). Thence, in the field,
most of the affected organisms show rapid recovery.

Pyrethroids are specially advantageous for use in cold
climate zones since exhibit a negative temperature coefficient
of toxicity. They are also considered relatively non-persistent
and, therefore, are not expected to be biomagnified through
the food chain. Maximum bioconcentration factors ranged from
698X for whole fish (deltamethrin) to 6090X (bifenthrin) (URL
2). However, pyrethroids have been reported to be extremely
toxic to fish and to some beneficial aquatic arthropods, such
as lobster and shrimp (Bradbury & Coats, 1989; URLI;
Srivastav et al., 1997).

The environmental fate and effects of synthetic pyrethroid
insecticides have been summarized by Hill (1989). Due to their
lipophilicity, pyrethroids have a high rate of gill absorption,
which in turn would be a contributing factor in the fish sensitivity
to aqueous pyrethroid exposures. Pyrethroid insecticides are
part of ester chemical category. The main reaction involved
in the metabolism of these substances in mice and rats is the
ester cleavage mainly due to the action of carboxyesterase.
Metabolism in fish is largely oxidative (Demoute, 1989).
Especially in low temperatures, ectothermic animals, like fish,
metabolize less pyrethroids because of the activity of its reduced
enzymatic system. Fish make intimate contact with the
surrounding water through the gills. After short-term
deltamethrin exposure, adult Heteropneustes fossilis (freshwater
catfish) showed hypocalcemia and the researchers attribute
this condition to the possible impairment of either net electrolyte
influx at the gill or renal function.

Deltamethrin exposure also caused hypophosphatemia
and was linked to the possible redistribution of electrolytes
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between intracellular or extracellular compartments and/or
impairment of renal function. Deltamethrin may disturb the
calcium and phosphate homeostasis and may lead to an effect
on the reproductive state of the fish (Srivastav ez al., 1997).
Synthetic pyrethroids have been shown to be toxic for fish,
aquatic arthropods, and honeybees in laboratory tests. Acute
toxicity data for deltamethrin in fish have been summarized
in a report of the World Health Organization (WHO, 1990)
and classified as highly toxic to fish, being in the LC50 1.0
ppb. The potential hazard to fish is due to its heavy use in many
aquatic larvicidal programs. Synergistic interactions between
the active ingredient and other components of the formulation
should be taken into consideration when evaluating toxicity.

The increasing use of pyrethroids interested the society
in reducing the damages caused for this class of pesticides in
the environment, particularly in relation to the aquatic
ecosystems of fundamental importance to the life preservation
in the planet. These ecosystems present a series of physical,
chemical and biological mechanism of assimilation of the effects
of poisonous substances. However, when those reach levels
above the assimilative capacity of the environmental, they
degrade the quality of the waters, affecting the survival, the
growth and the reproduction of aquatic organisms. These facts
in turn made the toxicity tests indispensable to the control of
pollution sources. This approach allows monitoring the
integrated effects of environmental and pollution conditions,
besides being efficient in the detection of the pollutant effects
present in levels below the capacity of analytical chemical
methods.

The fish have been included among the organisms used
in toxicity tests, but a small healthy number of species were
used in Brazil. Because of its easy obtaining, maintenance and
reproduction in laboratory — decisive characteristics in the choice
of a species to be used for tests (ISO, 1982) — the specie Danio
rerio is the most used one. Also, it has a great amount of data
in the scientific literature, since it has been used quite often
in several countries.

The use of species adapted to autochthonous
environmental characteristics certainly could provide much
closer results of the reality, when compared to the results
obtained with exotic species. This study was conducted to
compare the acute toxicity to deltamethrin, a synthetic
pyrethroid, in exotic fish species, the Danio rerio and
Oreochromis niloticus, with the brazilian native species
Hyphessobrycon bifasciatus and Geophagus brasiliensis, using
the static test system. Therefore, it will be possible to determine
the most interesting specie to perform fish toxicity tests in
brazilian natural conditions.

MATERIAL AND METHODS

The organisms, with maximum size of 5 cm, obtained
directly from the commercial raiser (Izael Ba Hi, city of
Indaiatuba, Sdo Paulo State, Brazil), were brought to the
laboratory within 30 min in plastic bags with enough air. The
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plastic bags were placed into the maintenance aquarium (80 L)
for about 30-35 min for acclimatization. Then, the bags were
cut open and the fish were allowed to swim into the aquarium
water. The animals were maintained by 15 days in laboratory
for acclimatization. As water maintenance was used the
dechlorinated supply water of Sao Paulo, maintained in
temperature at 23°C (x 2°C) by heaters. The water hardness
was 42 mg L'CaCO3 and pH 7.0 (0.2). The luminous intensity
was of 600 lux and the photoperiod of 12h light. Except for
dosing instance, all aquaria were aerated, through compressors
of air with connected outputs to filtration systems with acrylic
wool and active coal, to improve the water quality. Every 7
days, 25% of the total water volume was changed. To fish
feeding, the ration Tetramin® (supplied as recommended by
the manufacturer and in according to the guidelines of
CETESB — 1990) was used. The methodology adopted for
the toxicity tests with fish in static system was based in the
EPA guidelines (1994) and CETESB (1997).

The solutions for the tests were made with a commercial
product (K-Othrine® CE 25-25 g i.a. L™! of deltamethrin). To
determine the interval among the deltamethrin smallest
concentration that causes 100% fish immobility and those that
did not cause fish immobility, preliminary tests for 48h toxicity
were performed.

The test chambers were filled with 3 L of tap water. The
aquarium conditions were the same of the maintenance aquarium.
The tests had duration of 48h and were held at 23°C (2). During
this period the organisms were not fed and the pH variables,
dissolved oxygen and conductivity were analyzed at the beginning
and at the end of each test. For each species, five tests with five
animals each were performed. In each test, five deltamethrin
sample concentrations were used and one aquarium with five
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animals containing only tap water served as a control .Lethality
was controlled 3, 6, 24 and 48h after the start of the tests. Dead
was considered when the fish did not demonstrate reaction after
being touched in the caudal peduncle. All dead animals were
removed immediately from the aquarium. Behavioral and some
physiological changes were also observed.

To calculate the toxicity curves as well as to determine
the deltamethrin lethal concentration (LC50) in 48h and the
95% confidence limits, the “LC50 Programs JSPear test” was
used (Hamilton et al., 1977). To compare the LC 50% of
different species, a non parametric ANOVA followed by a
multiple comparative test were employed. In all cases results
were considered significant for P < 0.05.

RESULTS

The calculated LC50 value for 48h (95% confidence
limits) of the commercial deltamethrin product, using a static
bioassay, was 0.078 pug L' to D. rerio (Table 1) and 0.082
ug L to H. bifasciatus (Table 2), with 95% confidence limits
0.05-0.11 pug L' for both. The specie G. brasiliensis presented
values of CL50;48h of 0.594 pug L' with 95% confidence limits
0.33-0.94 ug L'(Table 3). The specie O. niloticus presented
in the tests the largest values of CL50;48h among the used
species, 0.954 ug L' with 95% confidence limits 0.71-1.22
pg L' (Table 4).

The ANOVA showed significant differences between the
LC50 of the fish species [F(3/19) =269.85, P < 0.0001]. The
Tukey-Kramer comparison test showed that LC50 of D. rerio
and H. bisfasciatus were similar while in the other groups LC50
were different (Figure 1). No mortality was observed in the
control group during the experiments.
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Figure 1 — LC50% of deltamethrin in different species of fishes. Data are presented as
means = SD. N = 5. Equal letters — without significant differences. P < 0.05 Tukey-Kramer comparative test.
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At low deltamethrin doses it was observed behavioral
changes, loss of balance, respiratory difficulties, attempt to
breathe from the surface and increased opercular frequency.

DISCUSSION

The present results suggested that the pesticide in study
is highly poisonous for all the fish species tested. The low
toxicity of deltamethrin to mammals may be misleading at this
point in ecotoxicological terms and lead to extrapolation
problems to aquatic species. The use in agriculture as well as
in mosquito control programs, which need frequent sprinkles,
emphasize the potential risks to the aquatic system organisms.

USDA National Agricultural Pesticides Impact Assessment
Program’s EXTOXNET, reported the LC50 deltamethrin for
fish between 1.0 and 10 ug L', but these values refer to the
substance in technical degree with 99.9% of active principle.
The commercial products composition, as the ones used in
this investigation, present in its formulation between other
chemical substances, the 2-(2-butoxietoxi)-etoxi-4, 5-
metilenodioxi-2-propiltolueno, known as piperonyl butoxide
(PPB). This chemical inhibits the pyrethroid degradation,
increasing its half-life in the animal organism (Larini, 1999).
Thus, the technical and commercial products present a great
difference in the acute toxicity level. This fact emphasize the
importance of performing the toxicity tests with the commercial
form of the product when the objective is to know the possible
impact that can be caused to the environment, for the reason
that this is the form found in the environmental contamination.

In the literature, the values of toxicity to deltamethrin
for several fish species present great differences of values of
LC50. Rukiye ef al. (2003) showed that the CL50;48h for
Poecilia reticulata is 5.13 ug L. For larvas and embryos of
Cyprinus carpio the values of CL50;48h were 0.213 pug L™ and
0.074 ug L', respectively, demonstrating the adverse effects
of the deltamethrin in the reproduction and in the growth of
the species (Kopriicii, 2004). An insecticide with deltamethrin
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as the active ingredient, used in the control of mosquitoes, is
one of the responsible by the great mortality of eels (4nguilla
anguilla) in the Lake Balaton, Hungry, between 1991 and 1995
(Balint et al., 1997). The presence of this pesticide in tissues
of other species as Abramis bellows, Stizostedion lucioperca
and Larus canus (Balint et al., 1997) were also found.

Present data show significant differences between the
species analyzed. In fact, D.rerio and H. bifasciatus showed
similar LC50. D. rerio is used broadly in toxicity tests by
several advantages such as low maintenance cost, low space
requested, short development period and reproduction (Lele
& Krone, 2002). However, it is important that the toxicity
of pollutant potentials for autochthonous species is determined
providing comparison of the values obtained with the species
pattern. The values of DL50;48h obtained for the specie H.
bifasciatus demonstrate to be the appropriate species for
toxicity tests with that substance, because it is sensitive as
D. rerio, revealing similar toxicity for its natural habitat. The
toxicity found for G brasiliensis and O. niloticus show that
the sensitivity to the pesticide is not similar for fish of the
same family, even though homogeneous groups of animals
with the same size were used. The great sensitivity difference
to deltamethrin found among the four used species was
expected, because the O. niloticus and G. brasiliensis are
found at places with pollution levels that did not permit the
survival of the H. bifasciatus, which has a great sensibility
to any alteration in the water quality.

During the tests, the fishes submitted to the several
concentrations of pesticides, already in the initial instants,
presented different behavior from the fishes of the control group,
as increase of the opercular frequencies, irregular swim, mucus
formation and constant presence in the surface of the aquarium,
what would turn the vulnerable surviving fish to diseases and
predators in their habitat. Similar behavior is reported in P.
reticulata, submitted to solutions containing the pesticide beta-
cypermetrin, although in very larger concentrations (Polat et
al., 2002).

Table 1 — LC50;48h values of deltamethrin to Danio rerio. Data were calculated from tests with 5 animals/test.

Tests LC50;48h (ug L")  Confidence interval

1 0.08 0.07-0.10

2 0.07 0.06-0.09

3 0.07 0.05-0.09

4 0.08 0.07-0.10

5 0.09 0.07-0.11

LC50;48h mean 0.078
Range of toxicity (£ 20) 0.05a0.11
Standart deviation 0.008367
Variance coefficient 10.73%
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Table 2 — LC50;48h values of deltamethrin to Hyphessobrycon bifasciatus. Data were calculated from 5 tests with 5 animal s/test.

Tests LC50;48h (ugL™) Confidenceinterval

1 0.09 0.08-0.11

2 0.07 0.05-0.10

3 0.08 0.07-0.10

4 0.08 0.07-0.10

5 0.09 0.08-0.11

LC50;48h mean 0.082
Range of toxicity (£ 20) 0.05a0.11

Standard deviation 0.008637
Variation Coefficient 10.53%

Table 3 — LC50;48h values of deltamethrin to Hyphessobrycon bifasciatus. Data were calculated from 5 tests with 5 animal s/test.

Tests L C50;48h (ug L™ Confidenceinterval

1 0.66 0.51-0.85

2 0.45 0.33-0.61

3 0.63 0.46-0.85

4 0.71 0.53-0.94

5 0.52 0.39-0.69

LC50;48h mean 0.594
Range of toxicity (+ 20) 0.33a20.94

Standard deviation 0.106442
Variation Coefficient 17.91%

Table 4 — LC50;48h values of deltamethrin to Oreochromis niloticus. Data were calculated from 5 tests with 5 animal s/test.

Tests LC50;48h (ugL™)  Confidenceinterval
1 0.97 0.80-1.19
2 0.95 0.81-1.12
3 1.02 0.85-1.22
4 0.90 0.71-1.13
5 0.93 0.79-1.10
LC50;48h mean 0.954
Range of toxicity (+ 20) 0.71a1.22
Standart deviation 0.045056

Variance coefficient 4.72%
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CONCLUSIONS

In conclusion, the present study indicates high toxicity
to the commercial deltamethrin formulation for all species tested.
The values found LC50;48h demonstrated that the contami-
nation of aquatic habitats for this pesticide can cause great
slaughter of fish in a short period of time, indicating that careful
attention should be taken with its use. The species D. rerio
and H. bifasciatus showed great sensitivity to the pesticide,
being suitable for toxicity tests which have as objective the
evaluation of the impact by its contamination. The species O.
niloticus and H. bifasciatus presented values of much larger
LC50;48 than the other species employed, although the values
obtained are extremely low. These data suggest that more studies
are necessary to examine the toxicity for fish of commercial
products that contain deltamethrin, not only in relation to the
acute toxicity but also in the chronic, physiologic and behavioral
sphere.
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ABSTRACT

The Ceara River Basin is one of the three major water sources of the Metropolitan Region of Fortaleza, Ceara State, Brazil.
As an urban river, it receives domestic and industrial effluents, but the impacts of such discharges were not properly
investigated. This research focused on the evaluation of the quality of the Ceara river estuary using the sea urchin Lytechinus
variegatus embryo-larval toxicity test. Four sampling stations were distributed along the estuary, and the water samples
were collected monthly from March 2004 through February 2005. The physical-chemical analyses showed a gradient of
salinity and pH from the inner part of the estuary towards the river mouth, while dissolved oxygen (DO) and tempera-
ture values were very similar among the stations. Toxicity occurred in three of four surveyed stations, especially at S1
and S2, where the effects were more evident. The higher toxicity at these stations may be related to the proximity to the
confluence between Ceara River and Maranguapinho River, which carries effluents from Maracanau’s Industrial District.

Keywords: Lytechinus variegatus, toxicity test, Ceara River, water quality.

RESUMO

Avaliacdo da toxicidade da dagua do estuario do rio Ceara (Brasil)

A bacia do rio Ceara compreende um dos trés principais corpos hidricos da regido metropolitana de Fortaleza, Estado
do Ceard, Brasil. O rio Ceara e seus afluentes recebem efluentes domésticos e industriais cujos impactos ndo foram
adequadamente investigados. Esta pesquisa enfocou a avaliagdo da qualidade das aguas do estuario do rio Ceara, usando
o teste de toxicidade embrio-larval do ouri¢o-do-mar Lytechinus variegatus. Quatro estacdes de coleta foram estabelecidas
ao longo do estuario, ¢ amostras de agua foram coletadas mensalmente de margo de 2004 até fevereiro de 2005. Na analise
fisico-quimica foi evidenciado um gradiente de salinidade e pH da parte interna do estuario em direg¢do a foz, enquanto
o oxigénio dissolvido e a temperatura foram similares para todas as estagcdes. A analise das amostras mostrou toxicidade
em trés das quatro estagdes examinadas, especialmente em S1 ¢ em S2. A maior toxicidade nestas estagdes provavelmente
esteve relacionada a proximidade da confluéncia entre o rio Ceara e o rio Maranguapinho, que recebe efluentes do distrito
industrial de Maracanaq.

Palavras-chave: Lytechinus variegatus, teste de toxicidade, rio Ceara, qualidade das aguas.
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INTRODUCTION

Estuaries are very important ecosystems, which present
high biological productivity and economical value, associated
to intensive human activities. Such activities are related to the
discharge of contaminants all along the river basin, leading
to a reduction in the estuaries environmental quality
(Khelebovich et al., 1997).

The Brazilian coast has many examples of pollution and
degradation due to the human action (Braga et al., 2000; Abessa
et al., 2001; Lacerda & Gongalves, 2001; Silva ef al., 2001;
Borrely et al., 2002; Silva et al., 2002; Kehrig et al., 2003;
Aguiar et al., 2004; Carreira et al., 2004; Machado ef al., 2004;
Marins et al., 2004; Medeiros et al., 2005). Domestic and
industrial effluents, treated or not, are directly discharged in
many estuarine systems, altering their natural conditions (Borrely
et al., 2002).

The Ceara River Basin (CRB) (Figure 1) is one of the
three major water sources of the Metropolitan Region of
Fortaleza (MRF), the Ceara State capital, located on the
Northeast coast of Brazil. Despite its ecological and economic
importance to the MRF, this river has suffered considerable
degradation, caused by intensive and continuous industrial and
domestic contamination (Escouto, 1996; Juvéncio, 1997;
Marques, 2002; Aguiar ef al., 2004; Marins et al., 2004;
Vaisman et al., 2005). The economy of the State of Ceara is
still strongly dependent on the fisheries, and many communities
rely on resources from the aquatic environments.

According to Brandao (1998), the CRB fluvial-marine
plain was created from sediments deposition, mostly clay and
sand, with considerable amounts of organic matter, giving origin
to a suitable substrate for the mangrove vegetation development.
The marine influence on the estuary reaches up to about 8 km
and is also affected by the rainfall regime, which determines
the river outflow (Juvéncio, 1997). The rainy season lasts from
February to May, while during the rest of the year the rainfall
is almost absent. The pluviometric indices also vary from year
to year, but they usually range from 1200 to1400 mm/year
(Brandao, 1998).

Maranguapinho River is one of the main tributaries of
Ceara River, and discharges in the estuary region, at about 5
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km from the river mouth. It brings the contaminants released
by the Industrial District of Maracanat, working as an important
secondary source of pollution to the Ceara River. A multitude
of industrial plants manufacturing plastics, oils, textiles,
chemicals, along with leather tanneries and slaughter-houses
discharge their waste waters in the river, containing high
concentrations of phenols, sulfite substances, oils, grease and
residues containing metals like cadmium, lead, copper,
chromium, mercury, zinc, iron, nickel and manganese
(SEMACE, 1990). According to Juvéncio (1997), a large
number of industries do not treat their effluents, releasing them
into the public sewage system or directly into the water bodies.
This study aimed to evaluate the quality of the waters
from the Ceara river estuary, using the sea urchin Lyfechinus
variegatus embryo-larval toxicity test. Moreover, toxicity
parameters were used to rank sites (make a classification among
sites) and to take into account possible intra-annual variations
(rainy-dry season sampling campaigns) at each site.

METHODOLOGY

Water samples collection

The samples were collected once a month, from March
2004 through February 2005, in a depth of 0.3 m, during low
spring tides, at four stations in the Ceara River estuary (Table
1). The water was collected directly in 100 ml amber glass
bottles, which were properly identified and kept in ice until
the analysis.

Physical-chemical analyses

The physical-chemical parameters were determined in
situ at each station. Dissolved oxygen (DO) was measured with
a portable oximeter (Quimis, model Q408P, Sao Paulo, SP,
Brazil, precision 0.3 mg L!); salinity was determined using
a hand refractometer (Biobrix, precision 1); and temperature
using analogical thermometers. The pH reading was made for
each replica with a pH meter (Quimis model Q400A, S&o Paulo,
SP, Brazil, precision 0.01 pH), upon arrival on the lab. Ammonia
was determined by the titrimetric method as described in the
Standard Methods for Examination of Water and Wastewater,
(APHA/ AWWA/WEF, 1995).

Table 1 — Sampling stations and geographic coordinates.

Geographic co-ordinates

Station Locality
Latitude (S) Longitude (W)
1 Salina dos Pombos 03°43°150 038°37°342
2 Rio Maranguapinho 03°42°949 038°37°225
3 Croa do Mosquito 03°42°140 038°36°162
4 Espigéo da Barra do Ceara 03°41°640 038°35°240
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Figure 1 — Map of the study area showing the sampling stations at the Ceara River Estuary.

Bioassay

The toxicity tests were performed monthly (except in
October) and, in parallel to each assay, reference substance
tests were also used for validation. The toxicity test with L.
variegatus embryos followed the method described by CETESB
(1999) modified to the use of 24 multiwell plates.

The samples were tested in 5 different dilutions: 100,
80, 60, 40, 20%, and 0% with dilution water. The dilution water
was collected at Lagoinha beach, Paraipaba, Ceara, where the
adult sea-urchins were collected. This water was filtered (0.45
wm membrane) before the experiments. According to USEPA
(2002), to attain reliable results, each concentration was tested
in 3 replicates. When the sample salinity was lower than 35%o,
brine was added for salinity correction. This procedure led
to dilutions from 2.8 to 20% for the samples collected at S1
and S2, and from 1.6 to 10% for the samples collected at S3.

Gametes were obtained as described by Costa-Lotufo
et al. (2002). Fertilization was performed by mixing activated
sperms (0.05 mL of sperm in 2.45 mL seawater) to the egg
cell suspension under slight shaking for 5 minutes. After this
interval, the samples were checked for fertilization under the
microscope.

In each cavity containing the sample, 100 uL of seawater
containing 500 eggs were added. They were then incubated
on a final volume of 2.5 mL per cavity. After 24h a 10 uL
aliquot was taken to verify the embryos development. When
the control showed 80% of well-developed Pluteus larvae,
125 pL of formaldehyde were introduced in each cavity to
fix the embryos. Afterwards, for each replicate, 100 embryos

were counted, and the percentage of normal embryos was
calculated.

The experiment negative controls were conducted using
dilution water or distilled water, which had the salinity adjusted
by brine addition. In all assays the controls showed normal
plutei values greater than 80% (87.7 £0.3,n= 61, C.V. = 7.5%).
Physical-chemical analysis of the dilution water demonstrated
that DO, pH, salinity, temperature and ammonia were inside
the desirable range for use in toxicity testing. Zinc, used as
a reference toxicant (positive control), confirmed that,
throughout the experiments, the embryo toxicity test showed
good repeatability, with a mean EC_j of 0.077 £ 0.009 mg L™
(C.V. =32.8%, n =38).

Statistical analysis

Toxicity data were expressed as EC, (as percentage of
water sample) and NOEC (Non Observed Effect Concentration)
values. EC, values with respective 95% confidence limits were
calculated by non-linear regression using GraphPad Prism 3.01
(GraphPad Software, Inc.). The NOEC values were obtained
by the comparison of the number of normal pluteus among
control and tested concentrations using ANOVA followed by
Dunnet test, using a significance level of 5%. Moreover, the
data expressed as EC, were also transformed into Toxicity
Units (TU = 1/EC,,x 100) (USEPA, 2002). EC, values were
compared using Student’s T test (for two stations, in May,
August, November and February) or one-way ANOVA followed
by Student Newman Keuls (for three stations, in March, April,
June and July), both with a 5% significance level.
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RESULTS AND DISCUSSION

The present study intended to measure the toxicity of
water samples collected at four stations along the Ceara river
estuary using the short-term chronic toxicity test with embryos
of L. variegatus. As previously mentioned, there are evidences
that this estuary is impacted (Escouto, 1996; Juvéncio, 1997;
Marques, 2002; Aguiar et al., 2004; Marins et al., 2004;
Vaisman et al., 2005), but this is the first water quality
assessment based on ecotoxicological analyses.

The results of the physical-chemical analysis are presented
in Table 2. Generally, there is a gradient of salinity and pH
from the inner part of the estuary towards the river mouth, while
dissolved oxygen (DO) and temperature values were very similar
among the stations. The lowest DO values were registered in
the end of the rainy season for all stations. The temperature
on the Ceara River estuary showed little variability, remaining
itself around 29 + 2°C. The pH values were all between the
limits established in the CONAMA resolution no. 357 (Brasil,
2005) concerning this type of environment (class I —
recommended values from 6.5 to 8.5). The salinity presented
the highest variations along the stations, as expected for an
estuary, but all tests were run with the salinity previously
adjusted. Highest salinities at all stations were observed from
November to February, in the end of the dry season, whereas
the lowest values were always obtained on April/March. Station
4 (river mouth) presented the smallest range of variation in
salinity (from 25 on March to 40 on November).

Toxicity was detected in samples from three of the
surveyed stations, especially at S1 and S2, where the effect
was more evident (Table 3). Samples collected at S1 showed
toxic effects in 8 out of 11 analyzed months. The rainy season
samples were more toxic at this station. The station S2 was
overall the most impacted, with samples consistently toxic,
except in January. When the average toxicity (EC, ) between
S1 and S2 was compared, the differences were significant only
in August. For S3, the toxicity was noticed only in four months
(March, April, June and July), but higher EC_ values were
observed. Finally, the samples collected at S4 had shown no
toxicity during this study.

The Toxic Units (TU) for the stations where EC, was
calculated ranged from 1.09 to 3.38 (Table 3). According to
Environmental Canada (1999), TU values greater than 1 are
associated to the presence of toxic compounds in a mixture.
Thus, present data indicate that 50% of the analyzed samples
probably presented toxic compounds.

According to Carr ef al. (2006), ammonia is commonly
a contributing factor in toxicity tests using sea urchin
embryological development endpoint, since this test seemed
to be strongly sensitive to unionized ammonia, with a LOEC
(lowest observed effect concentration) of 90 pg L™ and a NOEC
of 30 ug L. In the analyzed samples, the unionized ammonia
concentration ranged from 28 to 1,420 pg L', however the
highest values were always related to S4 station, which presented
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the lowest toxicity values. Thus, the toxicity of the samples
seems to be only slightly influenced by this parameter.

The toxicity in S2 should be related to the proximity
to the confluence of Ceara and Maranguapinho rivers, which
receives effluents of the Industrial District in Maracanad.
Escouto (1996) registered higher concentrations of nitrogenous
and phosphate compounds at this confluence during the rainy
period. The presence of metals, especially Pb, Cr and Cd,
is probably related to industrial discharges, while Ni, Cu and
Zn seem to come from a strong contribution of the atmospheric
pollution (Juvéncio, 1997). Additionally, the presence of
mercury in sediments of the Maranguapinho and Ceara rivers
was registered by Marques (2002), Marins ef al. (2004) and
Vaisman ef al. (2005). Another important aspect is the presence
of an operating shipyard in the vicinities of S3, which may
have influenced locally the toxicity at this station. Aguiar
et al. (2004) demonstrated higher concentrations of Zn and
Cu in sediments samples collected at this area compared with
upstream and downstream stations along Ceara river estuary.

Generally, it was observed a toxicity gradient from S1
and S2 towards the river mouth, which suggests that upstream
pollutants have remained on the water column, becoming
progressively less concentrated as they approached to the sea.
In fact, several factors could influence the fate of contaminants
in the environment, including dilution, evaporation or
volatilization, adsorption/precipitation, biodegradation, and
photo-oxidation (Khlebovich et al., 1997; OGP, 2005).
Individually or collectively, these processes tend to reduce the
concentrations of compounds in the water column along the
estuary. A striking feature of the distribution of most dissolved
constituents in an estuary is that they appear to reflect the
mixture between freshwater and seawater in a conservative
and a non-conservative manner (Muller ez al., 1994; Wen et
al., 1999; Wang & Liu, 2003). Furthermore, the salinity changes
the valency in some metallic ions, causing variation in dissolved
ions, sedimentation of basic mass of clayey particles and
flocculation of colloids, since it changes the electrical properties
of the water (Khlebovich et al., 1997; Hatje et al., 2003). Thus,
the salinity gradient is evidently highly responsible for the fate
of contaminants in the estuarine ecosystem.

A study at Santos Bay (Braga et al., 2000) demonstrated
a clear dilution of the nutrients by the seawater. Nitrite and
nitrate, for example, presented values 40 times higher at the
head of the estuary than at the river mouth, while for
phosphate, the dilution was 24 times. On the basin of Trancao
River, near Lisbon, Portugal, it was registered a reduction
of the metal concentration towards the mouth due to the
flocculation as well as the dilution by mixture with seawater
(Aratjo et al., 1998). Nevertheless, in tropical estuaries, there
is also evidence of compositional variations due to changes
in the magnitude of estuarine input and removal processes;
and the intensity of these processes is modified by freshwater
discharge or, more specifically, the water residence time
(Khlebovich et al., 1997).
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Table 2 — Physical-chemical parameters of the waters samples from the Ceara River Estuary, between Mar/2004 and Feb/2005.

DO (mg L™) Salinity Temp. (°C) pH
S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4

Mar 7.1 80 82 48 2 2 28 25 27 28 28 29 739 740 743 8.13
Apr 43 52 33 23 3 2 17 36 28 28 28 28 730 731 7.56 8.07
May 7.1 40 3.0 1.8 2 8 28 38 28 29 28 30 739 7.85 7.43 8.61
3
3

Month

Jun 43 1.9 48 6.7 3 22 38 28 27 29 28 730 746 17.56 8.12
Jul 3.8 82 104 150 12 22 36 29 27 28 27 795 742 848 823
Aug 1.7 53 59 6.1 9 10 29 33 28 27 27 27 747 738 762 8.18
Sep 86 52 6.1 6.5 5 24 34 35 28 28 27 28 740 736 7.66 8.11
Nov 5.5 33 136 167 20 16 35 38 27 29 28 27 735 744 7177 8.15
Dec 56 35 11.7 165 30 12 36 40 28 30 27 30 745 7.62 8.00 8127
Jan 6.2 35 50 6.2 25 35 37 39 28 30 29 30 7.48 740 777 8.10
Feb 79 6.1 6.5 3.5 31 8 23 32 30 29 30 31 746 748 810 823

Table 3 — Toxicity of water samples collected between Mar/2004 and Feb/2005 at stations 1-4 on the estuary of Ceara River.
The values are expressed as EC, (%) + standard error of the mean (S.E.M.). from three replicates; the Toxic Units (TU)
obtained by the mean EC,; and NOEC (Non Observed Effect Concentration, expressed as dilution percentage).

ECs (%) £ S.E.M. T.U. NOEC
Mouth

S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4
Mar 69.4+72 77.3+1.8 87.5+7.6 >100 144 129 1.14 542 53.1 759 100
Apr 36.9+£2.2 31.7+1.8 61.7+ 1.4! >100 271 315 1.62 16 16 54 100
May 712+1.7 499+7.5 >96.7 >100 1.40 2.00 694 333 96.7 100
Jun 36.8+04 32.6+08 80.2+1.9 >100 271 3.06 1.25 nd. nd 747 100
Jul 39.6+0.5 29.6+6.0 82.8+0.8' >100 252 338 1.20 17.6  17.6 57.6 100
Aug 728+ 13 38.1+1.22 >98.4 >100 1.37 2.62 55.9 18 984 100
Sep >97.2 80.6+ 1.0 >100 >100 1.24 97.2 583 100 100
Nov 91.5+£0.9 53.7+79 >100 >100 1.09 1.86 76 37 100 100
Dec >97.2 51.7+4.3 >100 >100 1.93 97.2 365 100 100
Jan >100 >93.8 >100 >100 100 93.8 100 100
Feb 60.5+£3.5 535+04 >100 >100 1.65 1.65 543 354 100 100

The ECs, were obtained by non-linear regression using the GraphPad Prism. 'p < 0.05, ANOVA followed by Student Newman-Keuls and
p > 0.05, ¢ of Student comparing data from S1 and S2. The NOEC values were obtained by the comparison of the number of normal
pluteus among control and tested concentrations using ANOVA followed by Dunnet test, using a significance level of 5%. N.d. = not
determined.

Despite the importance of the Ceara river estuary to  the estuary. On the other hand, in the rainy season, there is
the Metropolitan region of Fortaleza, studies describing the  a considerable increase in the leaching of superficial residues,
dynamics of this ecosystem are scanty, but according to  along with domestic and industrial sewages that are drained
Brandio (1998) the rhythm of the deposition on this estuary  to the estuary, carrying contaminants and a great organic load.
is determined mainly by tidal influence. This author also  In fact, the toxicity was more evident in samples collected
observed the entire mixture of the water column all along  during the rainy season.
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CONCLUSION

This study is the first report on the water quality of Ceara
River estuary, based on toxicity tests. The results showed the
presence of toxicity on sea-urchin embryos in the internal portion
of this estuary, suggesting that the Maracanati’s Industrial
District is an important contributor to the pollution of this
important ecosystem.
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RESUMO

Poucos trabalhos relatam a toxicidade da agua causada pela migragdo de liquidos percolados no entorno de aterros sanitarios.
O objetivo deste estudo foi analisar a qualidade da agua superficial e subterranea na area de influéncia do aterro sanitario
de Sao Carlos (SP), Brasil, por meio de ensaios fisico-quimicos ¢ de toxicidade aguda e cronica. Ceriodaphnia silvestrii
foi usada como organismo-teste. Em 2004 foram coletadas duas amostras de dgua no Corrego do Galdino em um ponto
a montante e outro a jusante do aterro, bem como duas amostras de 4gua em quatro pogos de monitoramento (um a montante
e trés a jusante) do aterro. Constatou-se que alguns pardmetros apresentaram concentragdes elevadas. Todas as amostras
de pogos apresentaram toxicidade aguda (p < 0,05). Na primeira coleta, o po¢o a montante causou 50% de imobilidade
e 0s pocos a jusante causaram 100% de imobilidade. Na segunda coleta, o pogo a montante causou 45% de imobilidade
e apresentou toxicidade cronica, enquanto os pog¢os a jusante causaram imobilidade de 100% dos organismos. As amostras
de agua superficial ndo apresentaram efeito toxico. Os resultados de toxicidade e outros parametros fisico-quimicos indicam
que o chorume esta atingindo o lengol subterraneo, provavelmente por percolagdo, afetando a qualidade da agua.

Palavras-chave: aterros sanitarios, liquidos percolados, monitoramento, qualidade da dgua, toxicidade aguda e cronica.

ABSTRACT

Influence of the sanitary landfill of Sdo Carlos (SP), Brazil, in superficial and ground water quality

Few works have assessed the water toxicity caused by leachate from urban landfills. The present study evaluated the
superficial and ground water quality around the urban landfill of Sdo Carlos (SP), Brazil, using physical-chemistries analyses
and acute and chronic toxicity with Ceriodaphnia silvestrii. In 2004, four water samples were collected during two fieldworks
in the Galdino Stream (onesite before and three after the landfill). The superficial water samples did not present any toxicit
effect, while the well samples showed high values for some parameters and acute toxicity (p < 0.05) in all samples. In
the first fieldworks, samples from the well before and after the landfill showed immobility of 50% and 100%, respec-
tively. In the second fieldworks, samples from the well befores the landfill caused immobility of 45% and presented chronic
toxicity, while the wells after caused immobility of 100%. Thus, the results pointed out that the leachate is probably
percolation and affecting the water quality of the groundwater.

Key words: landfills, leachate, monitoring, water quality, acute and chronic toxicity.
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INTRODUCAO

Geralmente, as areas de disposi¢do final de residuos
solidos sdo instaladas em areas rurais, sem planejamento
ambiental. Dessa forma, os residuos podem ser dispostos
inadequadamente em solos permeaveis. Eventualmente, pode
ocorrer migragdo dos liquidos percolados gerados no aterro
para o lencol freatico e deste para o corpo d’agua mais proximo,
podendo comprometer a qualidade da agua de areas adjacentes.

A migraco de liquidos percolados para as aguas pode
ser constatada por meio de analises da qualidade do lengol
freatico e do curso d’agua mais proximo. E comum a
caracterizagdo fisico-quimica da agua, porém, é necessario
complementar as informacdes obtidas para interpretacdo dos
resultados, uma vez que muitas substancias podem estar
presentes no chorume e nao ¢ possivel a analise de todas elas.
Assim, os ensaios ecotoxicologicos sdo indispensaveis para
uma analise mais abrangente sobre as fontes de poluigdo, pois
os efeitos causados nos organismos vivos evidenciam a presenca
de substancias toxicas. O ensaio ecotoxicoldgico é importante
para avaliar se a agua esta exercendo influéncia na reproducéo
ou mortalidade dos organismos aquaticos.

A maioria dos agentes quimicos organicos € inorganicos,
considerados mundialmente como prioritarios para efeito de
controle, é persistente e acumulativa no meio aquatico, que
pode estar sujeito aos efeitos dessas substancias por periodos
de tempo prolongados (Zagatto & Bertoletti, 2006).
Substancias que interferem a longo prazo sobre a biota podem
ser provenientes das atividades agricolas devido a aplicagao
crescente de fertilizantes e pesticidas que podem atingir os
corpos d’agua subterrdneos ou superficiais por varios
processos como a lixiviagdo, o fluxo preferencial através do
solo, a erosdo, os ventos ¢ também podem se volatilizar e
ser depositadas por meio de trocas gasosas, na forma de
precipitagdo seca ou umida (Allan, 2002).

A contaminac@o de um manancial de superficie geralmente
¢ visivel e de facil identificac¢do, devido a mudancga na cor da
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agua, presenca de espuma, odor e morte de organismos
aquaticos. A contaminagdo de aquiferos néo é visivel e pode
transformar-se em problema cronico, pois s6 ¢ identificada
quando causa efeitos na saude publica (Rebougas, 1992).

Nesse sentido, 0 monitoramento dos recursos hidricos
na area de influéncia dos aterros ¢ fundamental para o controle
e prevengao da poluigdo, a fim de evitar danos ao ambiente
e a satde humana.

Monitoramento de aterros sanitdrios

Alguns estudos sobre monitoramento de aterros indicam
falhas na construgdo e operagdo dos empreendimentos
relacionados aos residuos solidos. Um estudo realizado por
Calvo et al. (2005) concluiu que o compartimento mais afetado
por trés aterros analisados na regido de Granada (Espanha)
foi a agua subterranea, seguida do solo, saude humana,
atmosfera e agua superficial. Assim, tornam-se prioritarias as
atengdes com a qualidade das aguas subterraneas, em especial
com a sua potabilidade.

A qualidade da agua subterranea na area de influéncia
dos aterros sanitarios deve atender aos padrdes de potabilidade
estabelecidos pela legislagdo vigente, conforme recomendagdes
da NBR 13896 da Associagdo Brasileira de Normas Técnicas
(ABNT, 1997).

No Brasil, as dguas potaveis devem seguir o padrao de
qualidade recomendado pela Portaria n° 518, de 25 de marco
de 2004, do Ministério da Saude. As aguas superficiais, por
sua vez, devem seguir os padrdes de qualidade estabelecidos
pela Resolugdo n° 357 do Conselho Nacional do Meio Ambiente
(CONAMA), de 17 de margo de 2005.

Um dos principais pardmetros a ser avaliado no
monitoramento de aterros € o nitrogénio amoniacal, pois entre
0s compostos presentes no percolado a amonia é encontrada
em altas concentragdes durante longo periodo de tempo. Em
amostras de percolado de aterros da Alemanha os valores de
amonia variam com a idade do empreendimento, conforme
Tabela 1 (Pivato & Raga, 2006).

Tabela 1 — Valores de amdnia em aterros da Alemanha (Pivato & Raga, 2006).

Idade do aterro (anos)

Valores médios de améonia (mg L™)

las
6al0
11a20
21a30

405
600
555
445
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A amonia ndo ¢ degradada em condi¢des anaerdbias e
sua toxicidade ¢ comprovada, assim ¢é indicadora de
contaminacdo da dgua subterranea, causada pela difusdo dos
contaminantes presentes no percolado (Pivato & Raga, 2000).
Vale ressaltar que os valores de amonia encontrados na agua
natural sdo bem inferiores aos encontrados no percolado, porém,
quando as concentragdes desse composto na dgua se elevam
significa que houve vazamento proveniente do aterro.

De acordo com Von Sperling (2005), o estagio de poluigao
de um corpo d’agua pode ser indicado pela determinacgio da
forma predominante de nitrogénio, sendo que na forma de
amonia indica poluigdo recente. Com base em Tandel (1998),
o fon amonio se oxida rapidamente em amonia, portanto, altos
teores desse composto indicam o estagio inicial do ciclo do
nitrogénio, ou seja, contaminagio recente.

A presenca de amodnia na agua ¢ tdxica aos organismos
aquaticos, dependendo de sua concentragdo. Concentracdes
a partir de 0,25 mg L' afetam o crescimento de peixes, enquanto
concentragdes superiores a 0,5 mg L' sdo letais, matando 50%
dos individuos expostos (Esteves, 1988). Em condigdes naturais
raramente a amonia atinge valores letais; para isso devem
ocorrer simultaneamente elevados valores de pH (> 9,0), elevada
temperatura (> 26°C) e baixos valores de potencial redox
(Trussel, 1972 apud Esteves, 1988).

Além da amonia, outros contaminantes presentes nos
residuos so6lidos podem causar efeitos toxicos aos organismos
aquaticos, como matéria organica, sais e metais. Os metais podem
afetar o comportamento bioldgico, comprometendo a reproducao
e/ou a sobrevivéncia dos organismos (Povinelli, 1987).

A matéria organica pode ser mensurada por meio de
andlises de demanda bioquimica de oxigénio (DBO) e demanda
quimica de oxigénio (DQO), j& o teor de sais, por meio de
analise da condutividade elétrica, salinidade e cloretos.

Compostos organicos e inorganicos podem estar presentes
em efluentes e corpos hidricos, devido a sua complexibilidade
e variabilidade por isso recomenda-se a caracterizacdo bioldgica
destas aguas para complementacdo das informag¢des ndo
reveladas pelas analises fisico-quimicas. Atualmente, a
realizagdo dos testes de toxicidade € considerada indispensavel
para obter controle mais abrangente das fontes de poluigio
das aguas.

A toxicidade pode ser avaliada por meio do efeito que
a dose ou concentragdo de certa substdncia causara a
determinado organismo num determinado intervalo de tempo.
Esses efeitos podem ser classificados em agudos e cronicos.

A Resolugdio CONAMA 357/2005 recomenda a realizagdo
de testes de toxicidade em amostras de agua, porém, poucos
trabalhos foram encontrados na literatura abordando o impacto
dos aterros na vida aquatica, por meio de ensaios
ecotoxicoldgicos. Alguns trabalhos relatam a toxicidade do
chorume e seu possivel impacto no corpo receptor.
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Sisinno (2002) realizou testes de toxicidade com peixes
da espécie Danio rerio (vulgarmente conhecido como paulistinha)
em cursos d’agua superficiais proximos a aterros controlados
de residuos sélidos urbanos e industriais no Estado do Rio de
Janeiro. Foi comprovada a alta toxicidade do chorume,
evidenciando o impacto no ambiente aquatico provocado pelo
langamento deste efluente. Amostras de residuos industriais nao-
inertes apresentaram elevadas concentragdes de aluminio, ferro,
manganés e fenol, cerca de 300 vezes o limite estabelecido pela
legislagdo, comprovando suas caracteristicas toxicas.

De acordo com Silva (2002), “a concentracdo de
componentes inorganicos do chorume ¢ muito alta, sendo talvez
a principal responsavel pela toxicidade”. A autora realizou testes
de toxicidade aguda com Artemia salina (microcrustaceo de
agua salgada), Daphnia similis (microcrustaceo de agua doce),
Danio rerio (peixe de agua doce) e a bactéria luminescente
Vibrio fisheri (bactéria de origem marinha) em amostras de
chorume bruto do Aterro Metropolitano de Gramacho (RJ)
e constatou efeito toxico do efluente para todos os organismos
testados, apesar de os organismos de agua doce terem sido
os mais afetados. Daphnia similis se mostrou muito sensivel
aos efluentes testados, mesmo com a corre¢io de salinidade.

Tandel (1998) constatou toxicidade aguda em pogos de
monitoramento no aterro controlado de Rio Claro (SP) devido
a presenga significativa de amonia, proveniente do percolado.
Foi encontrado valor médio de condutividade elétrica de 129,67
uS cm™ e DQO de 13,68 mg L~'. O autor concluiu que néo
ocorreu contaminagio do aqiiifero por metais, devido a
capacidade filtrante do solo.

Diante dessas constatagdes, ressalta-se a importancia dos
estudos ecotoxicoldgicos para avaliar se a agua esta exercendo
influéncia na reproducdo ou mortalidade de organismos,
indicando polui¢do ou contaminag@o.

MATERIAIS E METODOS

Caracterizacdo da drea

O municipio de Sao Carlos (SP), Brasil, faz parte da Bacia
Tieté-Jacaré (UGRHI-13) e pertence ao Sistema Aqiiifero
Guarani, maior manancial de 4gua doce subterranea do mundo
(CETESB, 2004). Cerca de 10% do territorio brasileiro ¢
ocupado pelos arenitos do Guarani, denominados Rosario do
Sul, Piramboia e Botucatu (Boscardin Borghetti ef al., 2004).

O aterro de Sao Carlos esta localizado nas coordenadas
geograficas 21°57°S e 47°55°W, a NW da area urbana do
municipio, na Fazenda Guaporé, distando aproximadamente 15
km do centro da cidade, sobre o Aqiiifero Botucatu. Pode ser
considerado um empreendimento de porte médio, pois recebe
por dia cerca de 150 toneladas de residuos sélidos urbanos,
gerados por uma populagdo de 220.000 habitantes. Nas proximi-
dades ha plantagdo de cana-de-agucar e pastagem de gado.
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O aterro ¢ operado pela empresa Vega Engenharia Ambien-
tal desde 1996, aproximadamente, e possui uma area de cerca
de 70.000 m2. O local apresenta vida 1til esgotada, porém séo
realizadas ampliagdes freqiientes por ainda ndo ter sido concluida
a escolha de outro local adequado para implantagdo do novo
aterro (Lopes, 2003). Com base no Indice de Qualidade de Aterro
de Residuos (IQR), avaliacdo realizada pela Companhia de
Tecnologia de Saneamento Ambiental (CETESB, 2007), o aterro
recebeu nota 9,0, referente ao ano de 2006. Isso significa que
o aterro estd em condigdes adequadas, segundo a agéncia
ambiental fiscalizadora do Estado de Sao Paulo.

Coleta de amostras de dgua

Para a realizacdo do presente estudo foram coletadas
quatro amostras de agua no Corrego do Galdino, corpo d” dgua
mais proximo, em um ponto a montante (PMRIO) e outro a
jusante (PJRIO) do aterro, e quatro amostras de d4gua em quatro
pocos de monitoramento (um a montante e trés a jusante)
localizados no aterro (Figura 1), conforme Norma 6410
(CETESB, 1999): Amostragem ¢ Monitoramento das Aguas
Subterraneas. O pogo de montante foi denominado PM e os
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pocos de jusante, PJ1, PJ2 e PJ3. As coletas foram realizadas
nos dias 08/03/2004, 01/07/2004, 09/11/2004 e 10/02/2005.

Os testes de toxicidade foram realizados com duas
amostras de cada ponto, coletadas nos dias 08/03/2004 e 09/
11/2004, a fim de avaliar a variabilidade da toxicidade das
amostras em diferentes periodos do ano.

Ensaios fisico-quimicos

As andlises fisico-quimicas e de metais foram realizadas
no Laboratério de Saneamento da Escola de Engenharia de
Sdo Carlos (EESC), Universidade de Sao Paulo (USP), de
acordo com APHA (1998). As amostras foram analisadas em
duplicatas. Nove parametros foram analisados: pH,
condutividade elétrica, temperatura, oxigénio dissolvido,
salinidade, cloreto, demanda quimica de oxigénio, demanda
bioquimica de oxigénio, nitrogénio amoniacal, bem como dez
metais: zinco, chumbo, cddmio, niquel, ferro, manganés, cobre,
cromo total, cromo hexavalente e aluminio.

Os parametros pH, condutividade elétrica, temperatura,
oxigénio dissolvido e salinidade foram obtidos in situ com
uso do multisensor Horiba U-10.

PM = Pogo a montante
PJ1 = Poco a jusante 1
PJ2 = Poco a jusante 2
PJ3 = Pocgo a jusante 3

Figura 1 — Localizag@o dos pontos de monitoramento no aterro de Sdo Carlos, SP, Brasil.
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Os metais foram analisados por espectrofotometria de
absor¢@o atdmica por chama, utilizando-se espectrofotdmetro
da marca VARIAN, modelo AA-1275. Antes de iniciar a
digestao, as amostras foram filtradas a vacuo para analise de
ferro e manganés soluveis. Para analise dos outros metais foram
digeridas amostras brutas. Na primeira fase de digestdo foram
adicionados 6 mL de 4acido nitrico a 25 mL de amostra. Na
segunda fase foram adicionados 10 mL de acido nitrico a
amostra restante. Na terceira fase foram adicionados 10 mL
de 4cido cloridrico a amostra restante e 15 mL de dgua destilada.
As amostras foram digeridas a quente e sofreram evaporacao.
Em seguida, apds o esfriamento do frasco, o volume foi
completado com agua destilada até completar 25 mL. Também
foi realizada digestdo com agua destilada no lugar da amostra,
a qual correspondeu ao branco. Os metais aluminio e o cromo
hexavalente foram analisados por metodologias diferentes.

O aluminio foi analisado pelo Método 8012 (HACH,
1992). Em 50 mL de amostra foi adicionado o 1° reagente,
acido ascorbico (em po, saché da HACH), e a amostra foi
agitada até dissolver. Em seguida adicionou-se o 2¢ reagente,
Aluver 3 para aluminio em saché (HACH), e a amostra foi
agitada por 1 minuto. Foram separados 25 mL num frasco a
parte. Nos 25 mL de amostra restante foi adicionado o 3°
reagente, branqueante, e a amostra foi agitada por 30 segundos.
Apds 15 minutos foi realizada a leitura no espectrofotdmetro
da marca HACH, modelo DR 2500. Quanto mais avermelhada
a amostra, maior é a concentragdo de aluminio.

O cromo hexavalente foi analisado pelo Método 95
(HACH, 1992). Em 40 mL de amostra bruta foram quebradas
ampolas a vacuo de Chromover 3 (HACH). Apds 5 minutos
foi realizada leitura no espectrofotometro da marca HACH,
modelo DR 2500.

Andlise dos resultados

Os resultados obtidos nas amostras de dgua subterranea
foram comparados aos limites determinados pela Portaria 518/
2004 do Ministério da Saude, que estabelece Padrdes de
Potabilidade, visto que a NBR 13896 da Associacao Brasileira
de Normas Técnicas (ABNT, 1997) recomenda que a qualidade
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da agua subterranea na area de influéncia dos aterros sanitarios
atenda aos padrdes de potabilidade estabelecidos pela legislagdo
vigente.

Os resultados obtidos nas amostras de agua superficial
foram comparados aos limites determinados pela Resolucéo
CONAMA 357/2005, que estabelece padrdes de qualidade para
agua doce (Classe 2), uma vez que o corrego monitorado foi
enquadrado nesta classificag@o, com base no Decreto 10.755,
de 22 de novembro de 1977, do Estado de Sao Paulo, que dispoe
sobre o enquadramento dos corpos de agua receptores na
classificag@o prevista do Decreto 8.468, de 8 de setembro de
1976.

Os parametros nao contemplados pela Portaria 518/2004
foram comparados aos limites estabelecidos pela Resolucao
CONAMA 357/2005 para aguas superficiais Classe 2,
destinadas ao abastecimento publico apds tratamento
convencional, a pesca, irrigacdo e recreacgdo.

Ensaios de toxicidade

Os ensaios de toxicidade aguda e cronica foram realizados
no Laboratério de Ecotoxicologia e Ecofisiologia de Organismos
Aquaticos do Nucleo de Estudos em Ecossistemas Aquaticos
(CRHEA/EESC/USP). Ceriodaphnia silvestrii foi usada como
organismo-teste, especialmente por ser um microcrustaceo nativo,
0 que evita o uso de organismos exdticos. As caracteristicas
fisico-quimicas da agua de diluicao e manuteng¢do do organismo-
teste sdo apresentadas na Tabela 2.

A toxicidade aguda representa o efeito estatisticamente
significativo, ou seja, a mortalidade dos organismos em até 48
horas de exposigio causada pela amostra e a toxicidade cronica
representam o efeito subletal causado pela amostra, afetando
a reproducao dos organismos, em um periodo de exposi¢ao que
pode abranger a totalidade de seu ciclo de vida ou parte dele.

Os microcrustaceos foram alimentados com solucao algal
de Selenastrum capricornutum, na concentragéo de 10° células/
litro/dia e alimento composto preparado com fermento biologico
e adi¢do de ragdo para peixes na concentragdo de 1 mL L
por dia. A idade das fémeas adultas para obtengdo de neonatos
foi entre 7 e 15 dias (ABNT, 2004).

Tabela 2 — Dados fisico-quimicos da agua de cultivo da Ceriodaphnia silvestrii.

Parimetros

Valores

pH

Condutividade elétrica

Dureza total

Oxigénio dissolvido

Temperatura (controlada)

7,2-7,6
180 uS cm™
40-48 mg CaCO; L™
7,4-8,2mg L™
23+ 1°C
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Teste de sensibilidade

As culturas de Ceriodaphnia silvestrii testadas quanto
aos valores de CE(I1)50;48h (concentragio efetiva do agente
toxico que causa efeito adverso a 50% dos organismos-teste)
para o cloreto de sdédio, tém-se mantido adequadas para serem
utilizadas nos testes de toxicidade (ABNT, 2004). O valor de
CE(I)50;48h de 1,48 g L' com intervalo de confianga (95%)
de 1,54-1,73, esta dentro do intervalo de = 2 & (& = desvio-
padro) em relag@o ao valor médio obtido no laboratdrio de
1,43 g L' e desvio-padrdo de 0,23 (Tabela 3).

A CE(I1)50;48h ¢ calculada através do método estatistico
Trimmed Spearman-Karber (Hamilton et al., 1977).

Toxicidade aguda

O principio do teste de toxicidade aguda consiste em
avaliar a porcentagem de imobilidade dos organismos-teste
apds 48 horas de exposi¢do a amostra. Neonatos com idade
de seis a vinte e quatro horas foram expostos as amostras de
agua (100% de concentragdo de amostras de agua de rio e pogo)
e a um controle (agua de cultivo). Foram testadas quatro
réplicas, com cinco organismos cada. Durante o periodo de
teste, os organismos foram mantidos no escuro e sem alimento
em sala com temperatura de 23°C (£ 2). Ap6s o periodo de
exposicao procedeu-se a contagem dos organismos imoveis,
sendo considerados iméveis aqueles que ndo conseguiram nadar
dentro de um intervalo de quinze segundos apds leve agitagdo
da amostra (ABNT, 2004). No inicio e no final do teste foram
feitas medidas das variaveis, pH, condutividade elétrica e
concentracdo de oxigénio dissolvido, nas amostras e no controle.
Para que o resultado de um bioensaio de toxicidade aguda seja
valido, ¢ aceito um maximo de 10% de imobilidade dos
organismos-teste na amostra controle. Amostras com valores
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de OD inferiores a 3,6 mg L' foram aeradas antes do inicio
dos testes de toxicidade.

Todas as amostras que apresentaram imobilidade dos
organismos em diferentes porcentagens sao consideradas
amostras que causam algum efeito agudo, sendo entdo
submetidas a uma analise estatistica que compara as
porcentagens de imobilidade das amostras em relagdo ao
controle. A partir dessa analise estatistica ¢ possivel avaliar
se as diferengas sdo ou ndo significativas. A analise estatistica
utilizou o Aplicativo Graph Pad InStat, versao 3.00 (Motulsky,
1995).

Toxicidade cronica

O principio do teste de toxicidade cronica consiste em
avaliar a sobrevivéncia e a fecundidade dos organismos-teste
durante o periodo de exposi¢do a amostra-teste (100% de
concentragdo de amostras de agua de rio e pogo) e um controle
(4gua de cultivo). Neonatos de seis a vinte e quatro horas de
vida foram mantidos, individualmente, em 15 mL de amostra,
acrescida de alimento. Foram realizadas dez réplicas, mantidas
sob iluminagao e a temperatura de 23°C (£ 2). A cada dois
dias, e até atingir a terceira cria, foi feita a reposi¢ao total do
volume da amostra e novamente alimentados os organismos-
teste, anotando-se o numero de organismos vivos e de neonatos
nascidos.

Foram obtidas medidas das varidveis, pH, condutividade
elétrica, dureza e concentracido de oxigénio dissolvido, na
amostra e no controle, conforme ABNT (2005). Para que o
resultado de um ensaio ecotoxicologico cronico seja valido
¢é necessario, no minimo, 60% das fémeas se reproduzindo na
amostra controle e somando pelo menos 15 neonatos cada,
ndo superando oito dias de teste.

Tabela 3 — Sensibilidade (CE(1)50;48h) de Ceriodaphnia silvestrii ao NaCl.

Cloreto de sédio (g L™") — Ceriodaphnia silvestrii

Més/Ano CE50(48h) IC (95%)

Més/Ano CES50(48h) IC (95%)

21.05.02 1,89 1,75-2,04
04.06.02 1,48 1,37-1,59
12.07.02 1,63 1,34-1,98
06.08.02 1,61 1,48-1,75
31.08.02 1,24 1,13-1,36
17.09.02 1,28 1,11-1,49
06.11.02 1,41 1,29-1,54
19.11.02 1,23 1,08-1,40

18.01.03 132 1,10-1,58
24.07.03 1,63 1,52-1,74
02.09.03 1,46  1,30-1,63
09.10.03 130 1,19-1,43
24.02.04 120  1,12-1,29
02.03.04 1,03  0,86-1,22
20.07.04 1,79  1,69-1,91
25.10.04 148  1,54-1,73

CE50,48h média = 1,43
Coeficiente de variacdo = 16,78%

Desvio-padrio = 0,23
Faixa aceitavel = 0,95-1,91
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O resultado expresso em presenga/auséncia de toxicidade
cronica foi calculado estatisticamente através do Aplicativo
Graph Pad InStat, versdo 3.00 (Motulsky, 1995). O numero
de neonatos produzidos por cada fémea foi submetido a uma
analise de normalidade e, em seguida, ao teste de Tukey (teste
paramétrico). A auséncia de distribuicdo normal exige que os
dados sejam submetidos a estatistica Kruskal-Wallis (Dunn's
Multiple Comparisions Test), teste ndo paramétrico, a fim de
verificar diferengas significativas, ou ndo, para cada amostra
em relagdo ao controle.

RESULTADOS E DISCUSSAO

Ensaios fisico-quimicos
Agua subterrinea

Com base na Tabela 4, observa-se que as amostras
apresentaram pH acido, variando de 3,46 a 5,90. Segundo
CETESB (2004), o pH do Sistema Aqiiifero Guarani € mais
acido na porgdo livre e mais alcalino na zona confinada, onde
os valores de temperatura, salinidade e condutividade elétrica
também sdo mais elevados.

Os valores de temperatura das amostras estdo de acordo
com os valores das aguas de pogos nos afloramentos do
Aquifero Guarani, entre 22°C e 25°C, segundo Boscardin
Borghetti et al. (2004).

As amostras apresentaram baixos teores de OD, variando
em torno de 0,34 mg L' no PJ1 a 4,13 mg L' no PJ3. Estes
valores foram inferiores a 5 mg L™, limite recomendado pela
CONAMA 357 (2005) para aguas Classe 2, destinadas ao
abastecimento publico apds tratamento convencional, a pesca,
irrigagdo e recreago. A Portaria 518/2004 ndo estabelece limite
para esta variavel.

De acordo com CONAMA 357 (2005), aguas doces
apresentam salinidade igual ou inferior a 0,05%. Aguas com
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salinidade igual ou superior a 3% sdo definidas como salinas.
Dessa forma, as aguas dos pogos PJ1 e PJ2 apresentaram
salinidade elevada (Tabela 4). O maior valor obtido foi 16%
no pogo PJ2, 320 vezes o valor estabelecido para dguas doces.
Com base em CETESB (2004), as aguas do Sistema Aqiiifero
Guarani apresentam baixas concentracdes de sais.

A DBO foi elevada nas amostras dos pocos PM, PJ1 e
PJ2, superando o limite de 5 mg L' recomendado pela
CONAMA 357 (2005) para aguas Classe 2. A Portaria 518/
2004 nao estabelece limite para esta variavel.

A DQO de todas as amostras superou o valor de 5 mg
L', com excecdo de uma do pogo PM. Valente et al. (1997)
encontraram valores inferiores a 5 mg L™! em 4gua limpa.

Foi constatado 1,92 mg L' de nitrogénio amoniacal em
uma amostra do poco PM e valores de 10,2 mg L™ (6,8 vezes
o limite estabelecido pela Portaria 518/2004) e 15,0 mg L' (dez
vezes o limite estabelecido pela Portaria 518/2004),
respectivamente, em amostras do pog¢o PJ2, indicando
contaminagio da 4dgua subterranea. Com base nesta legislacao,
a concentragdo de nitrogénio amoniacal ndo deve ultrapassar
1,Smg L.

Todas as amostras do PJ2 apresentaram condutividade
elétrica elevada, variando de 1.970 a 3.280 uS cm™'. Estes
valores foram muito superiores ao valor médio (129,67 uS
cm™!) encontrado por Tandel (1998) em pogos no aterro de
Rio Claro, o qual apresentou dguas com baixa concentracio
de sais dissolvidos.

As legislagdes brasileiras ndo estabelecem limites para
condutividade elétrica, porém, segundo CETESB (2005),
valores acima de 100 uS cm™! representam ambientes
impactados, ou seja, quantidade elevada de sais na agua.

Constataram-se elevadas concentracdes de cloretos em
todas as amostras do pogo PJ2. O maior valor obtido superou
2,72 vezes o limite estabelecido pela Portaria 518/2004.

Tabela 4 — Ensaios fisico-quimicos com amostras de agua subterranea do entorno do aterro de Sao Carlos, SP, Brasil.

Parimetros PM PJ1 PJ2 PJ3 Portaria Limite de

Min Max Min Max Min Max Min Max 5182004 Deteccio
pH 464 590 346 392 508 536 4,09 541 6,0-9,5 0,0
Temperatura (°C) 21,6 23,77 229 23,6 23,3 23,9 23,7 238 - 0,0
Oxigénio dissolvido (mg Lﬁl) 0,80 2,65 0,34 1,02 0,64 1,56 3,07 4,13 - 0,0
Salinidade (%) 0 0 0 4 9 16 0 0 - 0,0
DBO (mg L™ <D 60 1,0 80 17.0 760 50 50 - 1,0
DQO (mg Lfl) 50 350 10,0 58,0 120,25 200,0 35,75 38,0 — 1,0
Nitrogénio amoniacal (mg L) 0,01 1,92 0,08 0,79 0,08 150 0,05 0,11 1,5 0,01
Condutividade elétrica (uUS Cm_]) 21 49 95 620 1.970 3.280 117 1.110 - 0,0
Cloretos (mg L ™) 04 1,1 14 155 4525 680 1,9 6,7 250,0 0,1

LD: Limite de Detecg@o.
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Agua superficial

Com base na Tabela 5, as amostras do Cérrego do Galdino
apresentaram pH acido, em torno de 5,08 e 6,54. A temperatura
das amostras variou entre 18°C e 25,1°C.

As amostras do ponto de jusante apresentaram baixos teores
de OD, variando entre 2,12 e 3,19. A Resolugaio CONAMA 357
(2005) recomenda valores iguais ou superiores a 5 mg L para
aguas Classe 2. Com base na Tabela 5, as amostras do corrego
ndo apresentaram salinidade, registrando baixa condutividade
elétrica e concentragdo de cloretos.

Os valores de DBO estio de acordo com a legislagao as
concentragdes ndo superaram o limite de 5 mg L™! recomendado
pela CONAMA 357 (2005) para aguas Classe 2.

A DQO apresentou valores superiores a 5 mg L', consi-
derando que Valente et al. (1997) obtiveram valores inferiores
a este em agua limpa. A DQO ¢ normalmente superior a DBO,
pois mede os constituintes organicos e inorganicos de uma
amostra. Porém, os valores podem representar a presenga
de gado ao redor do corrego. A Portaria 518/2004 e a Reso-
lugdo CONAMA 357/2005 ndo estabelecem limite para esta
variavel.

Com base em CONAMA 357/2005, a concentragdo de
nitrogénio amoniacal ndo deve ultrapassar 3,7 mg L™! para aguas
Classe 2. De acordo com a Tabela 5, apenas uma amostra do
corrego do ponto a jusante superou o limite estabelecido pela
legislag@o.

Andlise de metais
Agua subterrinea

De acordo com as analises de metais foram obtidos valores
de ferro acima dos limites estabelecidos pela Portaria 518/2004
em amostras de todos os pogos. O maior valor obtido foi 89
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mg L' no pogo PJ2, 296 vezes maior que o limite (Tabela 6).
O ferro geralmente aparece em aguas subterrdneas por conta
da dissolugdo do minério pelo gés carbdnico da dgua. Porém,
este metal estd presente no solo da regido e ndo apresenta efeito
toxico, apenas confere colorago e sabor a agua (CETESB, 2005).

Amostras do pogo PJ1 e do pogo PJ2 apresentaram
concentragdes de manganés acima do limite. O maior valor
obtido foi 2,72 mg L' no PJ1, 27 vezes maior que o limite
recomendado pela legislagdo. O manganés pode provocar
coloragio negra a agua acima de 0,05 mg L' (CETESB, 2005).

Foram obtidas concentragdes de cromo acima do limite
estabelecido pela legislagio em uma amostra dos pocos PJ2
e PJ3. O maior valor obtido foi 0,12 mg L™ no PJ2, duas vezes
o limite. Conforme AWWA (1990), o cromo ocorre na agua
potavel nos estados de valéncia +3 e +6, sendo que a forma
trivalente é a mais comum, ndo ¢ toxica e pouco absorvida.
Abaixo de 0,1 mg L™ o cromo ndo causa efeito cancerigeno.
Segundo CETESB (2005), as concentragdes de cromo na agua
doce sdo baixas, inferiores a 1 pug L.

Também foi registrada elevada concentragio de aluminio
(3,69 mg L") no pogo PJ1, 18 vezes o limite da legislacdo.
Segundo CETESB (2005), o aluminio ¢ complexado na agua
e influenciado pelo pH, temperatura e presenca de fluoretos,
sulfatos, matéria organica e outros ligantes. O aumento da
concentrag@o de aluminio esta associado ao periodo de chuvas
e alta turbidez. O acimulo de aluminio no homem esta associado
ao aumento de casos de deméncia senil do tipo Alzheimer,
porém ndo ¢ um elemento carcinogénico.

O zinco e o cobre foram detectados, porém apresentaram
valores inferiores aos estabelecidos pela legislagdo. Os outros
metais obtiveram concentragdes abaixo dos limites da Portaria
518/2004.

Tabela S — Ensaios fisico-quimicos com amostras de dgua superficial do entorno do aterro de Sdo Carlos, SP, Brasil.

Parimetros PMRIO PJRIO CONAMA Limite :ie

Min Max Min Max 357/2005 Detecciio
pH 5,08 6,50 533 6,54 6,0-9,0 0,0
Temperatura (°C) 18,0 22,3 18,3 25,1 0,0
Oxigénio dissolvido (mg L’l) 6,61 8,56 2,12 3,19 =50 0,0
Salinidade (%) 0 0 0 0 0,0
DBO (mg L™) <LD <LD <LD 5 >5,0 1,0
DQO (mgL™) 6,0 32,0 21,1 47,0 - 1,0
Nitrogénio amoniacal (mg L’l) 0,14 0,49 0,02 5,25 3,7 0,01
Condutividade elétrica (uS cm™) 12 17 26 151 - 0,0
Cloretos (mg L’l) 0,4 1,0 09 113 250,0 0,1

*LD: Limite de Detecgdo.



Influéncia do Aterro Sanitario de Sdo Carlos...

Agua superficial

De acordo com os resultados das andlises de metais
apresentados na Tabela 7, foram obtidos valores de zinco acima
dos limites recomendados pela Resolugdo CONAMA 357/2005
em amostras do ponto PJRIO. O maior valor obtido foi 1,0
mg L', cinco vezes maior que o limite da legislagdo. O zinco
¢ comum nas aguas naturais. Em concentra¢des acima de 5,0
mg L' confere sabor a agua. Nas dguas superficiais, as
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concentragdes variam em torno de <0,001 a 0,10 mg L'
(CETESB, 2005).

Foram obtidos valores de ferro acima dos limites da
legislagdo em amostras dos pontos PM e PJ. O maior valor
obtido foi 4,36 mg L' no ponto PJ, 14 vezes o limite.

Uma amostra do ponto PJ apresentou concentracio de
manganés acima do limite. O maior valor obtido foi 0,39 mg
L™ no ponto PJ, 3,9 vezes o limite.

Tabela 6 — Analise de metais com amostras de agua subterrdnea do entorno do aterro de Sdo Carlos, SP, Brasil.

Parametros PM PJ1 PJ2 PJ3 Portaria Limite de
(mg L™ Min. Max. Min. M&x. Min. Max. Min. M&x. 5182004 Detecgio*
Zinco <LD 0,84 006 100 <LD 031 0,07 049 5,0 0,002
Chumbo <LD <LD <LD <LD <LD <LD <LD <LD 0,01 0,02
Cadmio <LD <LD <LD <LD <LD <LD <LD <LD 0,005 0,0006
Niquel <LD <LD <LD <LD <LD <LD <LD <LD — 0,008
Ferro soluvel 046 1,03 0,17 162 <LD 89,0 020 046 0,3 0,005
Manganés solavel <LD 0,03 0,17 2,72 0,02 1,13 0,02 0,04 0,1 0,003
Cobre <LD 095 <LD 0,68 <LD 0,79 <LD 0,13 2,0 0,005
Cromo total <LD <LD <LD <LD <LD 0,12 <LD 0,06 0,05 0,005
Cromo hexavalente <LD <LD <LD <LD <LD <LD <LD <LD - 0,001
Aluminio <LD 0,03 <LD 3,69 <LD 0,18 0,01 0,011 0,2 0,01

*LD: Limite de Detecc¢ao.

Tabela 7 — Analise de metais com amostras de dgua superficial do entorno do aterro de Sdo Carlos, SP, Brasil.

Parametros (mg L’l) PMRIO PJRIO CONAMA ~ Limite fi N
in. Miax. Min. Miaix. 357/2005  Detecg¢lo
Zinco <LD 0,17 <LD 1,00 0.18 0,002
Chumbo <LD 0,02 <LD 0,02 0,01 0,02
Cadmio <LD <LD <LD <LD 0,001 0,0006
Niquel <LD <LD <LD <LD 0,025 0,008
Ferro soltuvel 0,31 1,00 <LD 4,36 0,3 0,005
Manganés soluvel <LD 0,03 <LD 0,39 0,1 0,003
Cobre <LD 0,13 <LD 0,79 0,009 0,005
Cromo total <LD <LD <LD <LD 0,05 0,005
Cromo hexavalente <LD <LD <LD <LD — 0,001
Aluminio 0,008 0,03 0,01 0,042 - 0,01

*LD: Limite de Detecgéo.
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Foram obtidas concentra¢des de cobre acima do limite
da legislacdo em uma amostra do ponto PM e em amostras
do PJ. O maior valor obtido foi de 0,79 mg L' no ponto PJ,
87 vezes acima do limite. Segundo CETESB (2005), o cobre
esta presente nas aguas, naturalmente, em concentragdes
inferiores a 20 ug L™'. Em concentra¢des elevadas, pode
prejudicar a saude e conferir sabor as aguas.

O aluminio apresentou alguns valores superiores ao limite
estabelecido pela legislagdo. O maior valor obtido foi constatado
no ponto de jusante, 4,2 vezes o limite. Esse fator pode ter
ocorrido pelo uso de produtos agricolas no entorno do cérrego.Os
outros metais obtiveram concentra¢des abaixo dos limites
recomendados pela CONAMA 357/2005.

Vale ressaltar que os metais ndo detectados pelo
espectrofotdmetro, bem como aqueles com concentragdes
abaixo dos limites da legislacdo, podem ter contribuido para
a toxicidade das amostras de agua.

Toxicidade aguda

A partir dos resultados de toxicidade aguda apresentados
na Tabela 8, observou-se que as amostras dos pontos PJ1 e
PJ2 causaram 100% de imobilidade de neonatos, portanto,
provocaram toxicidade aguda nos organismos. As amostras
dos pontos PJRIO e PM apresentaram indicios de toxicidade
aguda, uma vez que as porcentagens de imobilidade foram,
respectivamente, de 15% e 45%.
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As amostras, uma vez submetidas a analise estatistica,
mostraram que houve diferenga extremamente significativa
entre o controle e as amostras dos pontos PM, PJ1 e PJ2. A
amostra do ponto PJRIO nio registrou diferenca significativa
(Tabela 9).

Toxicidade cronica

Uma vez que para os testes de toxicidade aguda se aceitam
até 10% de imobilidade de neonatos nas amostras do controle
e os testes de sensibilidade com substancias de referéncia
consideram como concentragao toxica aquela que causa 50% de
imobilidade de neonatos, pode-se, sumariamente, considerar como
amostra ndo toxica quando causar até 10% de imobilidade aos
organismos-teste; indicios de toxicidade aguda quando causar
imobilidade acima de 10% e abaixo de 50%; e toxica quando
causar imobilidade igual ou superior a 50%. Seguindo este
raciocinio, as amostras do presente estudo que apresentaram
porcentagem entre 0 e abaixo de 50% de imobilidade foram
submetidas ao teste de toxicidade cronica, a saber, as amostras
do PJRIO e PM, sendo os resultados apresentados na Tabela 10.

A amostra do Ponto 3 (PM) ocasionou a morte de 100%
das fémeas apds 96 horas de exposicdo. Pela analise estatistica
(Tabela 11) ndo houve diferenca significativa envolvendo a
amostra do Ponto 2 (PJRIO). Com base na Tabela 12, todas
as amostras de agua subterranea apresentaram toxicidade aguda,
causando imobilidade aos organismos (p < 0,05).

Tabela 8 — Teste de toxicidade aguda com Ceriodaphnia silvestrii.

N* neonatos iméveis

L. Imobilidade Variaveis finais
Solucdo-teste  N° neonatos (réplicas)
(100%) PO 2 3 4 Tetal % pH op ~ Cond
(mgL™) US em
Controle 20 0 0 0 0 0 0 7,78 7,2 205
P2 (PJRIO) 20 2 1 0 0 3 15 7,88 7,1 178.,9
P3 (PM) 20 2 2 1 4 9 45 7,29 6,9 25,5
P4 (PJ1) 20 5 5 5 5 20 100 4,34 7,0 210
P5 (PJ2) 20 5 5 5 5 20 100 4,49 7,0 300

Tabela 9 — Resultado da andlise estatistica dos dados de toxicidade aguda com Ceriodaphnia silvestrii.

Nivel de significincia

Amostras comparadas Tukey-Kramer MultipleComparisions Test Valordep

Controle vs P2 (PJRIO) ns p>0,05
Controle vs P3 (PM) * kK p <0,001
Controle vs P4 (PJ1) * ok p <0,001
Controle vs P5 (PJ2) * ok p <0,001

ns: diferenca ndo significativa. ***: diferenca extremamente significativa.
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Na avaliag@o da toxicidade da dgua subterranea, na
primeira coleta, todas as amostras apresentaram toxicidade
aguda. As amostras do pogo a montante e do pogo a jusante
PJ3 causaram 50% de imobilidade aos organismos e as amostras
dos pogos PJ1 e PJ2 causaram imobilidade total dos organismos
(100%). Na segunda coleta, a amostra do po¢o a montante
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apresentou toxicidade aguda, causando imobilidade de 45%
dos organismos nas primeiras 48 horas, e também apresentou
toxicidade cronica, afetando a sobrevivéncia dos mesmos. As
amostras dos pocos a jusante PJ1 e PJ2 apresentaram toxicidade
aguda e causaram 100% de imobilidade aos organismos. O
pogo PJ3 estava seco na segunda coleta.

Tabela 10 — Testes de toxicidade cronica com Ceriodaphnia silvestrii.

N® oreanismos oD H Condutividade Dureza
Solugiio- & (mg L™ P (Sem™)  (mgCaCO;L™)
teste % ? N
100%)  ~ .~ Neonatos Inicial* Final Inicial Final Inicial Final Inicial Final
Inicial Final . .
Finais
Controle 10 10 278! 72 71 7,60 7,84 1759 203 48 56
Ponto 2
(PIRIO) 10 10 274 6,8 68 742 791 1598 180 30 26
Ponto 3
M) 10 0 5 6,9 69 604 678 21,7 325 6 8

(*): valor inicial para teste de Oxigénio Dissolvido, apos aeragdo das amostras provenientes de pocos (P3 =3,10; P4 =2,64; P5 =

2,82). ': média de neonatos por fémea (?) = (278/3)/10 = 9,26.

Tabela 11 — Resultado da analise estatistica dos dados de toxicidade cronica com Ceriodaphnia silvestrii.

Amostras Nivel de significincia Valor de
comparadas Kruskal-Wallis Test (Nonparametric ANOVA) P
Controle vs P2
(PIRIO) s p>0.05
Controle vs P3 .
(PM) p <0,05

ns: diferenca ndo significativa. **: diferenca significativa.

Tabela 12 — Resultados dos ensaios ecotoxicoldgicos de amostras de agua superficial e
subterrdnea na area de influéncia do aterro de Sido Carlos, SP, Brasil.

Local de coleta

Datae
Local horirio da Agua Superficial Agua Subterranea
coleta PMRIO PJRIO PM PJ1 PJ2 PJ3
Toxicidade Toxicidade Toxicidade Toxicidade
08/03/2004 NT NT Aguda Aguda Aguda Aguda
9:00-12:30h imobilidade imobilidade = imobilidade imobilidade
50% 100% 100% 50%
Aterro de Toxicidade
S3o Aguda
Carlos imobilidade Toxicidade Toxicidade
09/11/2004  Nascente NT 45% Aguda Aguda Poco seco
8:33-10:09h seca Toxicidade imobilidade  imobilidade ¢
Cronica 100% 100%
efeito na
sobrevivéncia

Em negrito: Efeito toxico constatado. NT: Nao Tdxico. PM: Ponto a Montante. PJ: Ponto a Jusante.
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Com base nos ensaios ecotoxicoldgicos, as amostras de
agua superficial ndo apresentaram toxicidade aguda e cronica.
Porém, foram constatados valores elevados de nitrogénio
amoniacal em amostras dos pogos do aterro, superando o limite
estabelecido pela Portaria 518/2004, indicando contaminagéo
da 4gua subterranea. Provavelmente, as elevadas concentragdes
de nitrogénio amoniacal, a salinidade e o pH das amostras de
agua subterranea podem ter influenciado a sobrevivéncia e
reprodugdo dos organismos-teste, resultando na toxicidade das
amostras.

Além disso, de acordo com a Tabela 8, os valores finais
de condutividade elétrica dos pocos de jusante PJ1 e PJ2 foram
superiores a 180 US ecm, valor da dgua de cultivo da Ceriodaphnia
silvestrii, indicando presenga de sais, ou seja, contaminantes.
Valores muito superiores a esse foram constatados nas amostras
do PJ2 medidas in situ, conforme apresentado no topico
resultados e discussoes.

Os resultados demonstraram a sensibilidade da
Ceriodaphnia silvestrii as amostras de agua subterranea, provavel-
mente devido a presenca de amonia, matéria organica, salinidade
e metais. Conforme Silva (2002), os organismos de agua doce
foram os mais sensiveis aos compostos inorganicos, devido,
principalmente, a salinidade das amostras de agua superficial.
Outros estudos revelaram que o género Daphnia foi mais sensivel
a estes compostos quando comparado as bactérias e peixes
(Munkittrick ez al., 1991; Lambolez et al., 1994 apud Silva,
2002).

E provavel que o aterro de Sdo Carlos apresente falhas
na sua construg¢do e/ou gerenciamento, como possiveis
vazamentos no sistema de impermeabilizagdo das trés lagoas
de estabiliza¢do do chorume ou na impermeabilizagdo das
células do proprio aterro. O chorume também pode contaminar
o ambiente (solo-dgua subterranea) apds transbordamentos
das lagoas de estabilizagdo em periodos chuvosos.

O histérico de funcionamento do aterro mostrou que
transbordamentos de chorume ja ocorreram pelo fato de a
dimensao das mesmas nio ser suficiente para armazenar todo
o volume gerado, o que justificou a constru¢do de uma quarta
lagoa recentemente.

Assim, quando ¢ constatada altera¢do na qualidade das
aguas faz-se necessario o emprego de técnicas de contencdo
ou remoc¢ao dos contaminantes. Segundo Calvo et al. (2005),
em alguns casos, a remediacdo de velhos aterros pode ser
realizada em cumprimento das exigéncias ambientais; em outros
casos, ¢ necessario o fechamento do aterro para que ele seja
assimilado pelo préprio ambiente.

As atividades no aterro de Sao Carlos ndo podem ser
interrompidas no momento, pois atualmente é o inico local
autorizado para receber os residuos solidos urbanos gerados
pelo municipio. Porém, ja esta sendo analisada uma nova area
para implantacdo do futuro aterro sanitario. Essas questdes
ressaltam a importancia da integragdo dos aspectos técnicos
as politicas publicas.

Lopes, Brigante & Schalch

Em razio dos fatores destacados, monitoramentos como
os realizados neste trabalho sdo de fundamental importancia para
avaliar riscos de poluigdo e contaminacdo de aqtiiferos freaticos
e corpos d’agua na area de influéncia dos aterros sanitarios, bem
como subsidiar a¢des de remediagdo para o emprego de técnicas
adequadas e para a elaboragéo de politicas publicas, no sentido
de prevenir e mitigar impactos ambientais negativos.

CONCLUSAO

Os ensaios ecotoxicoldgicos e fisico-quimicos das
amostras de agua indicaram que o chorume do Aterro de Sao
Carlos atingiu o lengol freatico, provavelmente por percolagio,
alterando a qualidade das aguas subterraneas, provocando efeitos
toéxicos em microcrustaceos aquaticos. Mesmo com a boa
avaliacdo da agéncia ambiental fiscalizadora do Estado de Sao
Paulo (CETESB), os resultados demonstraram que as amostras
a jusante do aterro apresentaram as maiores concentragdes e
toxicidade, comprovando que o aterro contribui significativa-
mente para a contaminagdo do lengol freatico, o que pode se
tornar um problema ambiental e de satde publica futuramente,
caso essa agua seja utilizada sem o devido tratamento.
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ABSTRACT

Spanish moss, the epiphyte bromeliad 7Tillandsia usneoides (in Brazil, “Barba-de-velho”), has been used as biomonitor
to evaluate air pollutants. In this article, total Hg concentrations were determined in bromeliads exposed at different areas
of a Brazilian chlor-alkali plant while a calibration curve was built under controlled conditions in order to estimate at-
mospheric Hg concentrations. Hg determinations were performed by atomic absorption spectrometry. In the laboratory,
the bromeliad exhibited linear Hg retention (r = 0.99; p < 0.05) when exposed to different Hg concentrations for 15 days
under controlled conditions. While Tillandsia usneoides allows simultaneous and continuous monitoring of several work-
places inside a factory, identifying critical areas where workers can be overexposed, we conclude that bromeliad
biomonitoring does not appear to be a trustworthy procedure to estimate Hg concentration in the air. However, this just
can be a useful method for identifying and monitoring critical sites in continuous occupational and environmental con-
trol risk programs.

Key words: mercury, Tillandsia usneoides, biomonitor, air pollution, chlor-alkali.

RESUMO

O biomonitor Tillandsia usneoides pode ser utilizado para
estimar niveis ocupacionais e ambientais de mercirio no ar?

A barba-de-velho, bromélia epifita Tillandsia usneoides (Spanish moss na lingua inglesa), tem sido usada como biomonitor
para avaliar a presenga de poluentes no ar. No presente artigo, concentracdes de Hg total foram determinadas em bromélias
expostas em diferentes areas de uma fabrica de cloro-soda brasileira enquanto em laboratério foi construida uma curva de
calibragdo em condig¢des controladas visando estimar as concentra¢des de Hg na atmosfera. As determinagdes de Hg foram
feitas por espectrofotometria de absorgdo atomica. No laboratdrio, a bromélia apresentou retencdo linear (r = 0,99; p < 0,05)
quando exposta a diferentes concentragdes durante 15 dias (condi¢des controladas). A bromélia Tillandsia usneoides permitiu
a monitoracdo continua e simultdnea de diversos espacos no interior da fabrica, identificando areas mais criticas onde
os trabalhadores podem estar mais intensamente expostos. A biomonitoragdo com bomélias ndo parece ser uma estratégia
confidvel para estimar as concentragdes de Hg no ar com precisdo analitica. Porém, esta ferramenta se mostra ttil como
um método para identificar areas criticas em programas de prevengdo de riscos ambientais ¢ de satide ocupacional.

Palavras-chave: mercurio, Tillandsia usneoides, biomonitor, polui¢do do ar, cloro-soda.
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INTRODUCTION

One of the most concerning sources of mercury (Hg)
contamination in urban areas are chlor-alkali plants where
elemental mercury (Hg) is used as a catalyst in the electrolysis
cells. In these industries, there is a high occupational risk to
workers who are exposed to high levels of the contaminant,
especially when electrolysis cells are opened (ATSDR, 1999;
IPCS, 1976). The World Health Organization (WHO) has
established the threshold limits for long-term occupational
exposure to inorganic mercury compounds in air as 50 pg m=
(WHO, 1980). The threshold limits for long and short-term
exposure to metallic mercury (Hg?), respectively 25 and 500
pg m>, might be important if the source is clearly metallic
mercury, as in chlor-alkali plants (IPCS, 1991).

A continuous assessment of atmospheric Hg concentration
in an industry can be used to determine occupational risk and
provide more efficient industrial hygiene control and safety
programs. The gas-snifters, usually used to estimate immediate
Hg concentration in the air, exhibit some drawbacks: they are
expensive; they do not integrate long periods of time; and they
don’t allow multiple simultaneous measurements, which are
essential to consider peaks and values in unstable and non-
uniform sources (Perry & Young, 1997).

Spanish moss (7illandsia usneoides) is an epiphyte
bromeliad (without roots) with CAM (Crassulacean Acid
Metabolism) type metabolism and stomas that open
predominantly at night, avoiding water loss, and resisting
large periods of exposure to the sun (Haslam ez al., 2003).
Moreover, it exhibits branched morphology and small scaly
leaves that greatly increases deposition surface (Benzing &
Renfrow, 1980; Benzing, 1990; Husk ef al., 2004). Amado
Filho et al. (2002) demonstrated that most Hg accumulation
is partly associated with atmospheric particles deposited upon
the plant surface with scale, stem and leaf surfaces exhibiting
higher absorption rates. For these reasons it has been used
in tropical environments (in detriment of mosses and lichens)
for monitoring atmospheric Hg as well as other pollutants
(Calasans & Malm, 1994; 1997a; Malm et al., 1998; Figueiredo
et al., 2001, 2004; Cortés, 2004).

Our first objective in the present study was to make a
calibration curve to estimate the atmospheric Hg amount
exposing the biomonitor Tillandsia usneoides to different
Hg® concentrations in controlled conditions. We aimed also
to evaluate Hg vapor exposure in a Brazilian chlor-alkali plant
using this bromeliad placed in different zones of the factory
in order to identify critical areas inside the industrial services
and, if possible, to estimate atmospheric Hg concentrations
in different sites. Furthermore, we also evaluated the analytical
performance of the groups during an inter-comparison exercise
between our laboratory and that of the industry. Moreover,
the main goal was to gather both university and industry
resources with the purpose of improving the quality of life
and environmental preservation through the development of
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new environmental and occupational monitoring over and
above worker education strategies.

MATERIAL AND METHODS

The industry area and the biomonitor

The surveys were conducted in October/November 1998
(first survey) and replicated in January/February 1999 (second
survey), when there were higher temperatures. The plant was
located in Rio de Janeiro city (Brazil) and was still using Hg”
in its process at that time. The industrial area was sub-divided
into 4 zones for monitoring purposes:

1. One support building with offices, laboratories and
warehouses — where there were neither electrolysis
cells nor Hg® sources such as machines, pumps, storage
places, residual filth, etc. Hypothetically, these should
be clean areas.

2. Two main independent buildings (electrolysis units:
pavilions I and IT) — where the electrolysis cells operated
and it was known that high release of Hg® occured (dirty
areas). The pavilions had two floors and their electrolysis
cells were placed on the second one. Each pavilion had
an independent production line and its own operation
room (I and II, respectively), where workers monitored
the process. Hypothetically, these operation rooms
should be clean areas. The pavilions also had other
closed environments such as locker rooms and restrooms
where workers stayed temporarily. Chronologically,
pavilion I was constructed after the pavilion II and,
because of this, its project was more modern and had
relative advantages such as better air circulation.

3. The external area (outdoor environment) — areas around
the buildings which are more susceptible to wind and
dust. One special outdoor spot was chosen because
the presence of opened machines for maintenance
activities such as the pumps of Hg.

Tillandsia usneoides samples were provided by the Rio
de Janeiro Botanical Garden, an area comparatively considered
free from significant anthropogenic Hg input. Samples
previously analyzed to estimate the background Hg values were
below the detection limit. About 5 g of Tillandsia usneoides
were accommodated in each plastic basket for exposure. One
hundred and ninety plastic baskets with the bromeliads were
distributed in four monitoring zones. In each monitored location,
2 plastic baskets (side by side) were placed about 2 m high
from the floor; one was retrieved after 15 days and the other
remained for a total period of 45 days exposure. These places
were chosen considering the probability of Hg emissions as
well as being places where workers remained for more time.
Furthermore, some outdoor areas were surveyed to confirm
if they really could be considered free (clean enough) for long-
term permanence. The engineer and the physician of the plant
were present and helped our team with this step.
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During the second survey, 10 sites were also selected
for a more accurate investigation because it had been verified
long-term permanence of workers as well as some points had
appeared to be quite different, specially relating to environmental
influences such as wind and dust occurrence (Table 1). In this
approach, the lack of more protection against undesirable
handling or dirt, and the necessity of multiple surveys were
also tested. The evaluation of these sites was carried out in
15 days. In these 10 different environmental conditions, 3
baskets were put side by side so as to test if the systems are
reproducible at the same site. Preliminary data (first survey
in October/November 1998) and previous studies from our
group have concluded that 15 days (compared to 45 days) is
a reasonable time to identify the main sites (higher or lower
Hg levels) through bromeliad Hg retention in occupational
and environmental evaluations (Malm et al., 1998; Bastos et
al., 2004).

In addition, during an analytical inter-calibration exercise
between our laboratory and the industry (our laboratory was
the reference), a total of 158 first-morning urine samples were
randomly collected from workers in different departments of
the industry. In our laboratory, urine digestion was performed
according to Bastos et al. (1998), and bromeliads according
to Calasans & Malm (1997b). The Hg determinations were
obtained by cold vapor atomic absorption spectrometry. Urine
samples were analyzed in FIMS-400/AS-90 Perkin-Elmer and
bromeliad extracts in Varian AA/1475-VGA/76. Detection limit
for this method was 1.5 ug L' and 0.06 ug g! both FIMS and
VGA systems, respectively. All the samples were analyzed in
triplicate, including blank reagents. Certified reference sample
(IAEA-140/TM) was analyzed for quality control and retrieval
percentages were above 79%.

In the plant laboratory, the analytical procedure was perfor-
med by Instituto Nacional de Seguridad e Higiene en el Trabajo
de Ministério de Trabajo y Seguridad Social (Spain). The industry
was participating in the Spanish quality control program (Programa
de Intercomparagdo de Control de Calidad — PICC). The Hg
determinations in urine samples were obtained by cold vapor atomic
absorption spectrometry in a Colemam — Perkin Elmer
spectrometer. This inter-comparison exercise was a method
to certify analysis, and also to stimulate future studies between
the two groups. Urine samples were chosen as the standard
matrix because the industry did not perform bromeliad analysis
as routine.

Bromeliad validation in controlled conditions

Three identical plastic baskets with bromeliads were
simultaneously exposed in an exposure chamber (hermetic glass
vial with = 6 L) during 15 days to different controlled
atmospheres with known Hg concentrations. The experience
was repeated five times in our laboratory, and the obtained
Hg concentrations were 0; 3; 36; 241; and 332 pg m=>. The

J. Braz. Soc. Ecotoxicol., v.2,n.2,2007 131

experimental model (controlled exposure chamber) suggested
some parameters that interfere in the desirable constant release
of a Hg source, such as vapor generation of a Hg drop.
Empirically, the influence of temperature on bromeliad
adsorption as well as the presence or absence of dust (verified
with and without cotton filter) was controlled to obtain constant
known atmospheres. This system should be built with common
available laboratory devices (glass, connections, air pumps,
reagents, etc.) and validated by scientific methods because the
obvious low cost and trustworthy exigencies.

A Hg vapor generator (a glass T cylinder containing a
metallic mercury drop in the base and an air filter in the
entrance) was coupled to the chamber entrance. A bubble trap
(bubbler), containing a KMnO, 0.1 N + H,SO, 10% — 1:1
solution, oxidizes and solubilizes all Hg from the outgoing
air. This solution prevents loss by volatilization (Kudsk, 1964;
Usepa, 1983; Malm et al., 1990). A constant air flux (1 L
min™) is driven by a vacuum pump passed through the T head
carrying Hg to the chamber by way of the Venturi effect. A
magnetic anchor in the bottom of the chamber ensured equal
dispersion of Hg. The different concentrations inside the
chamber were achieved empirically by changing the T
generator — different cylinder tube diameters and different
surface area (mass) of the Hg® drop. The Hg source was
immersed in an ethylene glycol solution with a thermostat to
help keep the temperature constant. A cotton filter was placed
in the entry of the system to avoid dust. We have previously
noticed that this is an important source of variation in
atmospheric Hg concentration inside the chamber. This bubbler
system is validated for determining total Hg concentration in
the air accurately (Kudsk, 1964; Usepa, 1983; Malm et al.,
1990) (Figure 1). The average Hg air concentration in the
chamber ([Hg]) was achieved using this formula, where /' was
the air flux; m was the Hg mass retained in the bubble trap;
and ¢ was the total duration of the air sampling:

[Hg] (ng m™) = m (ug) . ¢ (min) / f(L min") . 1073

RESULTS AND DISCUSSION

Hg retention in the industrial area

Total Hg concentrations in Tillandsia usneoides from
different points of the industrial area are shown in Figures 2
and 3. As expected, total Hg concentrations were relatively
higher than background values, but markedly variable inside
the electrolysis pavilions. Lower Hg values were detected at
the main building and in the external area around the pavilions,
as expected. The exposed bromeliad in external areas showed
more regular enrichment from 15 to 45 days of exposure when
compared to dirty indoor environments (pavilions I and II),
which showed important outliers. The more homogeneous
atmosphere outside the pavilions associated to lower Hg levels
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as well as the lower possibility of gross contamination from
a dirtier particulate can probably explain this behavior. It is
important to have in mind that even a very small drop of Hg
on the bromeliad surface can generate an outlier. The pumps,
which were used to pump Hg to the electrolysis cells, had their
maintenance done in an outdoor environment to diminish
occupational exposure to residual Hg. Curiously, although
placed in an open area, the maintenance pump site caused an
increased Hg adsorption in the exposed bromeliad. This fact
was communicated to the Occupational Health Program
responsible in order to prevent long permanence with probable
excessive exposure in this site (Table 1). These bromeliads
exposed outdoors showed higher levels when exposed during
the hotter season (Jan/Feb). It is probable that this occurred
as a consequence of particulate contribution — because of
stronger and more frequent winds during this season — associated
to high temperatures (up to 40°C). Although the pavilions had
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%
I
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few walls, this seasonal adsorption difference was not observed
there probably due to the lower effect of wind.

The higher Hg values in bromeliads exposed for 15 days
from pavilion I were observed on the ground floor under the
electrolysis cells (655 pg g™') and, about 10 m above them,
on the tower pavement beside the NaOH reservoir (734 pg
g!), probably the leading contaminated area. On the other
hand, the lower values (33.3 and 73.6 pg g') were obtained
inside the operation office I. In the remaining sampling baskets,
distributed around and above electrolysis cells, the median
Hg concentration was 177 pg g'. At pavilion II (15 days
exposure), the lowest Hg concentration was found in the
sampling baskets inside the restroom (13.7 ug g™). In the
operation office II the concentration was also low (48.9 pug
g!). The median Hg concentration around the electrolysis
cells was 258 ug g! with the highest value being 552 pg g

(Figure 3).
Bubbler
—> —>
1
Vaccum
pump
0 110V
Oxidant
solution Flow
indicator
(Lpm)

Figure 1 — Experimental model for exposing Tillandsia usneoides to known Hg" air
concentrations. Inside the chamber, 3 bromeliad samples were concomitantly exposed to each atmosphere.
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Figure 2 — Box-plot graph of total Hg concentrations in 15 days exposed Zillandsia usneoides in different areas of the chlor-alkali plant. Boxes are
25 and 75 percentiles with median value. Bars represent minimum and maximum limits. Dots are extreme values.
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Figure 3 — Hg concentration in bromeliads exposed in different areas of the factory for 15 and 45 days.
First survey = October and November 1998; second survey = January and February 1999;
for comparison purposes, the longer exposure time in the second survey was arbitrarily considered as standard.

Fortunately, Hg concentrations in bromeliads of operation
offices where workers spend more time were lower than around
the electrolysis cells, where laborers went just for short visits.
One basket placed on the first floor showed a high value after
exposed for 45 days (16800 pg g™'). In this area we could
perceive small drops of Hg around the plastic baskets and over
their acrylic protection. Probably, they came from dirt on the
workers feet over the grated ramp, an undesireable event. Of
course, these are not good sites to survey. This fact was not
observed in the newer building, pavilion I. The support building
comprises all the closed environments monitored outside the

industrial pavilions. The median value for bromeliads exposed
in different rooms was 24.9 pug g”'. The lowest Hg values were
obtained in bromeliads placed inside the medical and
engineering offices, and at the central laboratory (1.84; 2.80
and 4.74 pg g, respectively). Higher concentrations were found
in samples of two warehouses and the incinerator room
(respectively 65.5; 68.6 and 82.6 pug g™), as expected. In external
open areas around the pavilions, bromeliads exhibited low
concentrations (median 13.1 pg g™), with the exception of the
basket exposed at the site where the Hg pumps are opened
for maintenance (92.7 pg g).



134 J. Braz. Soc. Ecotoxicol., v. 2, n. 2, 2007

Table 1 shows the Hg concentration in the bromeliads
exposed in triplicate for 15 days at the 10 selected occupational
sites. The values exhibited good reproducibility with a
coefficient of variation (CV) usually under 20%. In the medical
office, the highest CV (92.9%) was observed simultaneously
with the lowest mean values. We consider that in less
contaminated environments, where bromeliads exhibited Hg
concentrations closer to background values, this is acceptable
because the risk is probably quite low.

Besides, basket handling may have been the main
responsible for the high variability among the triplicates from
some other sites, specially in the dirtiest ones. The variability
observed in samples from some electrolysis cells in pavilions
I and II could represent the non-uniformity of local atmospheric
contamination, including dust. Since the 3 baskets were put
together in each sampling location, it is also possible that one
could have worked as a protection shield to the other, changing
the retention rate in each of the three baskets.

Hg concentrations in the bromeliads exposed in the
industrial facilities were also much higher than those found
in the controlled experiment in the exposure chamber and this
fact corroborates the probable effect of dirt. Despite the low
accuracy and analytical cost (about US$ 20,00 per sample
analyzed in triplicate), it is important to consider that this
approach can show some advantages. Considering these
coefficients of variation, we think it is probable that the use
of just one basket in each sampling location in a continuous
monitoring program (for example, 15 days a month along one
semester) may be more strategic. This allows a plant to observe
an eventual tendency in some areas to become more or less
insalubrious. Moreover, the laboratory analysis would become
less expansive and the main advantages of the system
(monitoring several sites simultaneously) would be benefited.
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Human risk evaluation during the analytical
inter-comparison exercise

When workers are exposed to Hg vapor in the
occupational environment, the best compartment to exposure
assessment is the amount of Hg in urine samples. The threshold
limit established by WHO to Hg in urine is 50 pg g! of
creatinine (IPCS, 1991; Barregard, 1993; ATSDR, 1999).
Although creatinine is used to partially reduce the variability
due to dilution of spot urine samples, several studies have
considered unnecessary to use this correction (Soleo et al.,
1990; Malm et al., 1995).

The chlor-alkali plant surveyed in this study had a
continuous program to minimize occupational risk. As the
normal range of creatinine in urine averages about 1 g L' in
healthy individuals (0.6-1.8), a preliminary approach were
conduced by the Occupational Health and Safety Program of
this plant without the creatinine correction as routine to minimize
the cost of repeated analysis. After this screening, workers who
presented urine Hg levels above 30 g L! underwent more
accurate laboratory examination while an individual
occupational evaluation was made by an industry physician.
Thus, both urine and air measurements were used by
Occupational Medicine and Safety Engineering so as to promote
safer work conditions in this plant.

Concentration in the workers’ urine was highly variable
(median 21.5; max 616; min 2.7 ug L") representing the
heterogeneity of the 158 samples. Despite the low median
concentration value, about 25% of the samples were above
50 pug L' and about 7.6% were above the 100 ug L. The
probability to develop classical neurological symptoms to
mercury intoxication is undoubtedly higher at these levels (IPCS,
1991; ATSDR, 1999), and a continuous occupational evaluation
is imperative as well.

Table 1 — Reproducibility of 3 Tillandsia usneoides sampling systems (3 plastic baskets) simultaneously placed in 10 selected sites of factory (SD =
standard deviation of the averaged 3 baskets; CV = coefficient of variation; *closed environments; Hg concentration in pg g™').

Local Description Mean SD Cv
Main building Medical office* 1.84 1.70 92.9%
Main building Central laboratory* 4.74 0.73 15.3%
Electrolysis I Operation room* 333 3.9 11.8%
Electrolysis 11 Operation room* 48.9 3.7 7.5%
External area Hg pump maintenance 92.7 2.2 2.3%
Electrolysis I Main corridor 110.0 2.7 2.4%
Electrolysis I Above the cells 247.2 47.1 19.1%
Electrolysis I1 Above the cells 343 183 53.3%
Electrolysis II Above the cells 351 81 23.2%
Electrolysis I Above the cells 363 27 7.4%
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After the analytical inter-comparison exercise, the
performance of the laboratories was very similar and the
regression analysis shown the equation: y = 0.98x +2.82 (r =
0.94; n=117), where y and x are, respectively, industry and
LREPF Hg concentration results in pg L™!'; n = number of
samples evaluated after an analytical interchange exercise
between the both technical groups and optimizations in industry
routine. We think that inter-calibration exercises may stimulate
both new occupational studies with security and validation of
continuous bromeliad use by industries themselves in the future,
while Hg? takes place in the process.

In relation to human health, our purpose was not to
evaluate individual exposure but the factory environment.
Besides, employees did not stay in the same place during their
work day and they always passed through different areas. Thus,
we can not compare individual exposure parameters (such as
urine Hg amount) to exposed bromeliads. However, the
overexposed workers were evaluated by the occupational
physician of the industry through a continuous internal
Occupational Health Program. Thus, samples that shown high
values were justly identified and the finding were communicated
to the Occupational and Environmental Medical Department
of the industry.

Hg retention in the exposure chamber

Tillandsia usneoides exhibited linear Hg retention (r =
0.99; p < 0.05) over a determined range of concentrations (up
to 332 pg m~) when exposed to a controlled atmosphere in
the laboratory for 15 days (Figure 4). This result demonstrates
that, when atmosphere conditions are stable and the air is dust
free, this bromeliad displays linear accumulation along time
and the accumulation can be predicted by the equation y =
0.008x + 0.035 (r=0.99; p < 0.05), where y is bromeliad Hg
concentration in pg g and x is Hg concentration the air in

pgm>.

3.0
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This linearity allows a better understanding of retention
rate data, suggesting that microclimate conditions in industrial
services (even gross contamination) may have been responsible
for observed high coefficient of variation in some basket
triplicates (Table 1). However, we cannot guarantee that the
concentration retained in the bromeliads represents the exposure
to a certain average concentration over a defined period. In
a recent publication (Bastos et al., 2004), we observed that
Spanish moss exposed in gold trade shops in the Amazon had
much higher concentrations than ones exposed in the laboratory
to similar atmosphere values. Actually, the Hg atmospheric
concentration was not estimated in the Amazon, but directly
measured with the same validated reference bubblers system
(Kudsk, 1964; Usepa, 1983; Malm et al., 1990). This system
is able to collect all the Hg from the air, without loss, throughout
a determined period of time. In that article (Bastos ef al., 2004),
we suggested that the high concentration of suspended particles
in the air, associated with high humidity, could favor the
adsorption of Hg to particles and its retention to bromeliad’s
scales. Therefore, our new results in a chlor-alkali plant from
Rio de Janeiro seems to confirm that this bromeliad can retain
Hg more efficiently in outdoor environments than in indoor ones,
even with quite similar total Hg concentrations in the atmosphere.

The lack of dust and the drier atmosphere in a laboratory
environment can explain this difference. Besides, the relative
low pressure created inside the exposure chamber (vacuum
pump that drives the air flux) might make the Hg vapor retention
more difficult. Consequently, our results shows an important
limitation to use this bromeliad as a predictor of air Hg
concentrations, unless a new calibration takes into account these
outdoor environment components. We believe that if we had
used the curve (Figure 4) to estimate the air Hg concentration
in industry environment, the values would have been even more
than 400 times higher than that measured with the bubbler
systems, as found in Amazon (Bastos et al., 2004).

r=0.99; p<0.05

Hg in the plant (ug.g™")

0 50 100 150

200 250 300 350

Hg in the air (pg.m_s)

Figure 4 — Calibration curve for Hg concentrations in the air and in the exposed Tillandsia usneoides. r = Pearson’s correlation
coefficient between mean Hg air concentrations (0; 3; 36; 241; 332 pg m~) and their 3 concomitant exposed
bromeliads (3 baskets). Error bars stands for standard deviation of triplicates (y = 0.008x + 0.035).
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After this study, the industry have stopped the use of Hg®
and have implanted the more ecologically sound process in
the chlor-alkali plant, the membrane system.

CONCLUSION

The biomonitor Tillandsia usneoides presented a linear
correspondence with Hg concentrations in the atmosphere as
demonstrated by the calibration curve built in the laboratory,
under controlled conditions. However, despite the high
correlation between Hg concentrations in exposed bromeliads
and in the air, it should not be used to accurately estimate Hg
air concentration in non-controlled conditions. Environmental
factors such as temperature, humidity and suspended particles
might influence the retention by the bromeliads, overestimating
atmospheric Hg concentrations. Moreover, proper handling
of the contaminant in an industrial process that employs high
amounts of Hg is fundamental in creating a clean environment
where retention in bromeliads is the result of the displacement
of particles carrying Hg, and not contamination due to misuse
of it. However, the use of sentinel species and biomonitors,
such as Spanish moss (7illandsia usneoides) permit the
simultaneous and continuous monitoring of industrial areas.
They also help to identify areas with higher exposure rates,
and can aid occupational physicians and safety engineers in
elaborating better safety procedures. Although the ideal
condition is the abolishment of the utilization of Hg in chlor-
alkali plants (a strong worldwide tendency), occupational
assessment must be maintained after this to be sure that there
is no significant persistence of this pollutant where people work.
Therefore, considering that bromeliad validation under
controlled conditions in laboratory is not possible, local
calibration should be tested in order to integrate and, possibly,
more accurately estimate Hg concentration in the air along
a determined period of time. To regulate this biomonitor, a
validated reference system able to collect outdoor air samples
during the same period in which the bromeliad will be exposed
(including small breathable particles) will be necessary.
Occupational health education programs must be maintained
for factory workers considering Hg exposure and hygiene
measures. The use of this biomonitor can be a useful method
to identify and to assess critical sites in continuous occupational
and environmental control risk programs, or even in helping
educational activities. Since this study was completed, the
industry stopped the use of Hg and implanted the more
ecologically sound process of the membrane system for chlor-
alkali plants.
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ABSTRACT

The use of classic hypotheses tests based on a null hypothesis of equal means frequently promote the occurrence of false
positives and false negatives in ecotoxicological assays results. The use of criteria or appropriate statistical analyses is
recommended to prevent these occurences and to guarantee the quality of the results from the biological as well statis-
tical point of view. Therefore, the relevant effect levels were established for ecotoxicological assays with Daphnia similis,
Ceriodaphnia dubia, Danio rerio, Hyalella azteca, H. meinerti, Lytechinus variegatus and Mysidopsis juniae. Such ef-
fect levels were estimated on the basis of the 75" percentile of the Minimum Significant Difference (MSD) of a histori-
cal series of analytical results. The estimated values were used to evaluate the allowable variability of the analytical results.
It was demonstrated that the integration between the relevant effect levels and the bioequivalence hypothesis testing minimizes
the occurrence of false positive results relative to those observed using traditional hypothesis testing.

Key words: analytical variability, ecotoxicological assay, minimum significant difference, relevant effect level.

RESUMO

Niveis de efeito relevante para o uso em testes de hipoteses

O uso de testes de hipdteses classicos, baseados na hipdtese nula de igualdade entre as médias, freqiientemente provoca
falsos positivos e falsos negativos nos resultados de ensaios ecotoxicoldgicos. Para evitar essas ocorréncias ¢ recomendavel
a utilizagdo de critérios ou analises estatisticas apropriadas, com vistas a garantir a qualidade dos resultados tanto do ponto
de vista bioldgico como do estatistico. Considerando esses aspectos foram estabelecidos os niveis de efeito relevante para
ensaios ecotoxicoldgicos com Daphnia similis, Ceriodaphnia dubia, Danio rerio, Hyalella azteca, H. meinerti, Lytechinus
variegatus ¢ Mysidopsis juniae. Tais niveis de efeito foram estimados com base no 75° percentil da diferenga minima
significativa (DMS) de uma série histdrica de resultados analiticos. Os valores estimados mostraram-se Uteis para avaliar
a variabilidade admissivel dos resultados analiticos. Foi demonstrado que a integrag@o entre os niveis de efeito relevante
e o teste de hipoteses por bioequivaléncia minimiza a ocorréncia de falsos positivos observados nos resultados calculados
pelo teste de hipotese tradicional.

Palavras-chave: diferenga minima significativa, nivel de efeito relevante, ensaio ecotoxicoldgico, variabilidade analitica.

INTRODUCTION 1996; Garrett, 1997; Shukla et al., 2000; Buratini & Bertoletti,

2006) have demonstrated that these statistical tools oftentimes

Hypotheses tests using the null hypothesis of equal means  are inappropriate due to the occurrence of false positives (the

have been used since the 1960s to analyze the results of  effects are statistically but not biologically significant) or false

ecotoxicological assays with aquatic organisms. However, some  negatives (adverse effects exist, but are not detected by statistical
researchers (Erickson & McDonald, 1995; Chapman et al., analysis).

*Corresponding author: Eduardo Bertoletti, e-mail: eduardob@cetesbnet.sp.gov.br.
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Erickson & McDonald (1995) proposed the use of
bioequivalence hypothesis testing, more accurately called
equivalence testing, to avoid erroneous conclusions based on
statistical analysis of ecotoxicological data. The critical point
of the bioequivalence approach is the establishment of the
adverse effect level that can be considered relevant relative
to the experimental control.

Some studies (Erickson & McDonald, 1995; Shukla et
al., 2000) have suggested that the relevant effect levels depend
on a given laboratory’s performance, particularly regarding
the variance of the experimental control, number of replicates
and power of the statistical analysis. Other studies (Thursby
et al., 1997; Phillips et al., 2001) indicate that the prior
establishment of relevant effect levels is convenient for some
ecotoxicological methods. The latter approach is more practical
since the judgement of the appropriateness of analytical data
is less laborious and is based on historical results.

In the present study, relevant effect levels were established
for 11 ecotoxicological methods with different test organisms
(Daphnia similis, Ceriodaphnia dubia, Hyalella azteca,
Hyalella meinerti, Danio rerio, Lytechinus variegatus and
Mpysidopsis juniae), using Minimum Significant Difference
(MSD) values, as suggested by Denton & Norberg-King (1996).

Bertoletti et al.

Such relevant effect levels were also used to demonstrate their
appropriateness in bioequivalence hypothesis testing, as
suggested by Chapman et al. (1996).

MATERIALS AND METHODS

The calculation of the relevant effect levels for each test
method was based on data from assays with single chemicals,
industrial effluents and environmental samples performed in
the Aquatic Ecotoxicology Laboratory — CETESB (Sao Paulo
State, Brazil), as described in Table 1.

Initially, normality tests (Shapiro-Wilks and %?*) were
conducted for all toxicity test results. The homocedasticity
of the data was then evaluated through Barttlet, Hartley and
Levene tests (in case of effluents and chemicals) or F-test
(in case of environmental samples — surface or interstitial
waters and sediments). Thereafter, a multiple comparison
between treatments and control means was made through
Dunnett’s test with or without Bonferroni adjustment for assays
with several sample dilutions (effluents and chemicals), while
t-test was applied for environmental samples. Analyses were
performed with the Software TOXSTAT 3.5 (West Inc. &
Gulley, 1995).

Table 1 — Organisms, number of tests and experimental conditions.

Test organisms Number

Number of

Number of

(endpoint) of tests dilutions* replicates Methods

Daphnia similis (immobility) 41 2 5 ABNT (2004)

Daphnia similis (immobility) 101 6 4 ABNT (2004)
Mysidopsis juniae (survival) 118 6 3 ABNT (2005b)

Hyalella meinerti (survival) 87 2 4 ABNT (2007)

Hyalella azteca (survival) 36 2 4 ABNT (2007)
Danio rerio (larval survival) 43 6 4 Bertoletti (2000)
Danio rerio (embryolarval survival) 41 6 4 Bertoletti (2000)
Ceriodaphnia dubia (reproduction) 102 2 10 ABNT (2005a)
Ceriodaphnia dubia (reproduction) 42 6 10 ABNT (2005a)

e e ¢ amtews

Lytechinus variegatus 75 6 4 ABNT (2006)

(embryolarval development)

* Including experimental control (2 = toxicity tests with ambient water or sediment; 6 = toxicity tests with effluents or

single chemicals).
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In both cases, generated MSD values were registered as
a percentage of the control mean, which corresponded to the
following calculation:

MSD

%MSD = ————
° control mean

x 100

MSD percentage values were arranged in increasing order
for characterization of their distribution and comparison with
other data sets. The 10, 25%, 50", 75" and 90" percentiles
were identified. The bioequivalence constants (B) were then
calculated by deducting the value corresponding to the 75
percentile from 100, following the procedure adopted by Phillips
et al. (2001). The bioequivalence hypotheses tests were
performed with the Software TOXSTAT 3.5 (West Inc. &
Gulley, 1995).

RESULTS AND DISCUSSION

The establishment of significant adverse effect levels in
a population of aquatic organisms is difficult, mainly due to
the lack of ecological studies designed with this objective. At
the same time, this information has become valuable in the
ecotoxicological assays used to provide information relevant
for the protection of aquatic life.

Some researchers state that the choice of significant effect
level is arbitrary and depends on biological, statistical, social
and regulatory issues (Garrett, 1997; Shukla et al., 2000).
Thursby et al. (1997) consider these effect levels as thresholds
and mention that “the exact method of determining a threshold
is not as important as having such a threshold”.

Due to such difficulty, Denton & Norberg-King (1996)
suggested the establishment of the practical significance level,
in substitution to the biological significance level. The practical
significance level is based on minimum significant difference
(MSD) values, calculated through classical hypothesis testing
applied to ecotoxicological assays results. Some researchers
have already confirmed the convenience of using MSD limits
as criteria for the acceptance of variance in such assays
(Thursby ef al., 1997; Wang et al., 2000; Phillips ez al., 2001).

Considering these principles, the present study establishes
the relevant effect levels for different ecotoxicological methods,
with single treatment and multiple concentrations, using several
aquatic organisms and endpoints (Figure 1). The established
levels are also based on the technique suggested by Thursby
et al. (1997) and Phillips ef al. (2001), which considers the
variance of the whole assay (control and sample), rather than
preferential variance of experimental controls, as suggested
by Wang et al. (2000). Although the estimates of the relevant
effect levels are obtained by statistical methods, they are
originary from historical data and allow the evaluation of reliable
variability of the analytical methods.

In the present study, as suggested by Chapman et al.
(1996) and demonstrated by Phillips et al. (2001), the MSD
percentages differ according to the assay method (Figure 1).
Therefore, considering 10™ and 90" percentiles of multiple
concentration acute tests (Figure 1A), the Mysidopsis juniae
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assay presented the highest variation (7 and 29%), followed
by Daphnia similis (13 and 34%). The lowest variations were
found in single concentration tests with Hyalella azteca (4
and 15%) and Daphnia similis (6 and 19%).

The highest variation of chronic tests (Figure 1B), in terms
of 10" and 90" percentiles, was observed in embryolarval Danio
rerio toxicity tests (5 and 29%) with multiple concentrations,
followed by the same type of assay with Ceriodaphnia dubia
(16 and 37%). Conversely, the lowest values were obtained
in single concentration embryolarval development tests with
sea-urchin Lytechinus variegatus (3 and 12%). As a general
rule, single concentration toxicity tests showed less variance
than multiple concentration assays.

These values are similar to those registered in a survey
conducted by USEPA (2000) using the corresponding test
protocols, in which results obtained by various laboratories
with reference toxicant tests and multiple concentrations were
combined (Table 2). The only exception is the Daphnia test,
where the variability with the species utilized in this study
(Daphnia similis) was higher than with Daphnia magna and
Daphnia pulex (Table 2).

The value of 90" percentile of the MSD for the
Lytechinus variegatus assay exhibited low variability (12%)
relative to the value obtained (22%) with the equinoderm
Strongylocentrotus purpuratus (Phillips ef al., 2001), despite
a lower number of replicates. These data demonstrate that,
although similar in the experimental design, some variability
of response can be achieved within a taxonomical group, as
observed with the genera Hyalella (Figure 1A) and Daphnia
(Figure 1A and Table 2).

The percentiles shown in Figure 1 and Table 2 are
equivalent to the statistical power of the assays, indicating the
frequency of results obtained after several repetitions. The
definition of the statistical power allows the restriction of the
occurrence of false results and, indirectly, reduces the assay
variability by improving its execution in a given laboratory.

On the other hand, the choice of the statistical power,
which has been arbitrarily established, can indirectly reflects
the level of environmental protection intended. For instance,
Thursby ef al. (1997) used a power of 80%, while Phillips
et al. (2001) selected 90%. We considered that 75% would
be the most appropriated statistical power (Table 3) because
it offers greater environmental protection as long as minor
variability is allowed. Although the power of 75% increases
the chance of non-compliance by laboratories, USEPA (2000)
has demonstrated that such statistical power can be obtained
by several laboratories. These arguments can be used by
regulators to justify the choice of 75" MSD percentile as
practical, and consequently of biological relevance. Therefore,
when the ecotoxicological assay does not reach this power,
it is implicit that the laboratory needs to improve its analytical
performance and to repeat the assay. This improvement can
be achieved by increasing the number of replicates, increasing
the number of organisms per treatment, improving the culture
conditions and training technicians.



142 J. Braz. Soc. Ecotoxicol., v. 2, n. 2, 2007

Bertoletti et al.

A 34
> 29
10 2 20
17
15
14 14 14 15
13
o 10 10 9 n
D. similis 9
(multiconcentration) g 7 7 7
Lo 5 4
D. similis o Juniae, -
(single concentration) (multiconcentration) H. meinerti H. azteca
(single concentration) (single concentration)
B 37
29
28 27
25 25
20 21 21
17
16 7 16
14 14 14
" C. dubia 1 12
8 9 (multiconcentration) 10 9
. 8
6 C. dubia 6 7
5 (single concentration) . 4
D. rerio D. rerio L. variegatus 3
(larval (embryolarval (multiconcentration)

multiconcentration) multiconcentration)

L.variegatus
(single concentration)

Figure 1 — MSD percentages distribution for different acute (A) and chronic (B) assay methods. Lower and upper limits of
boxes correspond to 25" and 75" percentiles, respectively. Horizontal line inside each box represents the 50" percentile.
Maximum and minimum values are 10" and 90" percentiles.

Table 2 — Variability of Minimum Significant Difference (MSD) at different statistical powers for
various organisms and multiple concentrations test methods (USEPA, 2000).

Test organism/Endpoint

MSD (as %) at
different percentiles

10" 25" 50" 75" 90"

Ceriodaphnia dubia (reproduction) 11 16 23 30 37
Pimephales promelas (survival) 9 14 20 25 35
Daphnia magna (survival) 5.3 8.4 13 19 23
Daphnia pulex (survival) 5.8 8.3 14 20 23
Americamysis bahia (survival) 5.1 8.9 15 23 26

Denton & Norberg-King (1996) also calculated the level
of sensitivity for a series of standard procedures. Considering
150 data sets for Ceriodaphnia dubia reproduction in chronic
toxicity tests with sodium chloride, these authors verified that
the 75" MSD percentile corresponded to 7.5 neonates. Such
number was correspondent to 32% of the average of neonates

produced in the control (23.6), which is close to the value
obtained in the present study (28%).

The values corresponding to the 75" percentile of MSD
(Table 3) allow laboratories, as well as the environmental
agencies, to verify the analytical quality of ecotoxicological
tests results. Hence, when the classical hypothesis test (“t”)
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is used, the minimum significant differences should be smaller
than the percentile described in the present study to avoid results
with high variability. Therefore, if a result presents larger
variability than the percentage described in Table 3, the assay
should be repeated. In the same way, these 75" percentiles of
MSD can be used in the statistical method of point estimates,
just like the linear interpolation (Buratini & Bertoletti, 2006),
which is an alternative statistical analysis method for chronic
toxicity assays with some organisms.

The use of MSD limits has also been recommended by
USEPA (2000) in the regulatory context, with the purpose of
verifying the acceptable variability of hypothesis testing with
experimental control and single treatments. The approach
recommended by USEPA (Table 2) allows variation of the MSD
within the previously established limits (among the 10" and
90" percentile). However, the judgement of the acceptable
variation depends on the decision maker in a given
environmental agency, as well as on the occasional analytical
performance of the laboratory conducting the assay. Difficulties
in such judgment were found by Phillips et al. (2001) when
t-test results and MSD were used without a direct integration
of data. Such facts become more critical any time that the
analytical results are requested for regulatory purposes.

The bioequivalence hypothesis testing has shown to be
suitable to avoid these occurrences, due to the implicit
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incorporation of a relevant effect level as discussed by several
authors (Erickson & McDonald, 1995; Garret, 1997; Gully
et al., 2000; Shukla et al., 2000). Therefore, the association
of bioequivalence hypothesis testing and previous values of
B (bioequivalence constants) is useful to avoid inconstancy
in judgment, as well as for prior establishment of the acceptable
variability of the analytical result. It is suitable to point out
that values of B (bioequivalence constants) are the
complementary percentual of the 75" percentile of MSD,
expressed as proportions, and for this reason they should be
used when statistical calculation requires this kind of values.

As an actual example, using the B = 0.79 (Table 3) in
bioequivalence hypothesis testing with data from Ceriodaphnia
dubia assays, a reduction of incidence of false positives can
be observed in Table 4. It is verified that samples from first
and second assays produced 21 and 26 neonates per female,
respectively. These values are much higher than test acceptance
criteria (15 young per female) and near the mean reproduction
in several laboratories (23.2 offspring per female) reported
by Moore et al. (2000). Consequently, such results could be
considered as lacking biological difference. However, only
bioequivalence tests identified them as non toxic, because the
relevant effect levels for assays 1 and 2 were 20 and 24 neonates
respectively, while classical hypothesis testing (t-test) generated
false positives.

Table 3 — Relevant effect levels (75" MSD percentiles and bioequivalence constants) for different test methods.

Test oreanisms Number Number of 75" MSD Bioequivalence
g of dilutions* replicates percentiles (%) constants (B)
Daphnia similis (immobility) 2 5 14 0.86
Daphnia similis (immobility) 6 4 27 0.73
Mysidopsis juniae (survival) 6 3 21 0.79
Hyalella meinerti (survival) 2 4 15 0.85
Hyalella azteca (survival) 2 4 11 0.89
Danio rerio (larval survival) 6 4 16 0.84
Danio rerio (embryolarval 6 4 17 083
survival) ’
Ceriodaphnia dubia
(reproduction) 2 10 21 0.79
Ceriodaphnia dubia 6 10 28 072
(reproduction) ’
Lytechinus variegatus
(embryolarval development) 2 4 ? 0.91
Lytechinus variegatus 6 4 14 0.86

(embryolarval development)

* Including experimental control (2 = toxicity tests with ambient water or sediment; 6 = toxicity tests with effluents or

chemicals).
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Table 4 — Results of classical (“t”) and bioequivalence hypothesis testing, applied to the means of
neonates registered in Ceriodaphnia dubia chronic assays with surface water samples.

Mean number

Relevant effect level®

Conclusion of statistical

Assay of neonates (79% of control analysis
Control  Sample neonates) t-test ]ii:te((l;iia&e?;)e
1 26 21 20 Toxic Non toxic
2 31 26 24 Toxic Non toxic
3 17 11 13 Toxic Non toxic
4 27 10 21 Toxic Toxic
5 34 31 26 Non toxic Non toxic

A = number of organisms below which there is a significant difference.

Assay number 3 showed significant toxic effect by using
t-test, but such significance was not observed with the
bioequivalence test, although the mean of neonates in the sample
was below the relevant effect level. Such result suggest a failure
of the bioequivalence test, but data analysis indicated that this
was due to the high power of the t-test result in this particular
experiment (MSD < 9.3%), which has a low probability of
occurrence throughtout the time for this method (<10%, as
showed in Figure 1B). Therefore, a false positive result was
obtained in this experiment when using classical hypothesis
testing.

The mean number of neonates relative to the sample from
the fourth assay was much lower than the mean obtained in
the control and was identified as significant by both statistical
approaches, thus reflecting effects of biological relevance.
Finally, the fifth assay, which clearly did not exhibit either
significant statistical or biological difference, was considered
non toxic using both approaches.

The relevant effect levels presented in this work are
specific for the methods and test organisms used. Additional
calculations are unnecessary whether the experimental
conditions are similar to those described in the present paper
or conditions recommended in ABNT’s (Associago Brasileira
de Normas Técnicas) standard procedures are used. However,
the calculation of the bioequivalence tests through specific
software (as used in this study) is recommended, in order to
save time and laborious calculations.

As was demonstrated, the integration of relevant effect
levels and bioequivalence hypothesis testing is appropriate
for the calculation of significance of ecotoxicological assays
results (Table 4), whether with single or multiple concentrations
(data not presented). This feature allows the avoidance of the
frequent occurrence of false positives observed when classical
hypotheses tests are applied to such data. This statistical

approach deems unnecessary the prior negotiation of laboratory
performance between regulated and regulatory agencies (as
proposed by Erickson & McDonald, 1995), and avoids
inconstancy in judgment for the acceptance of variability of
analytical results.
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RESUMO

Em ambientes eutrdficos, as floragdes de cianobactérias freqiientemente representam riscos a saude humana e a biota aquatica,
pelo fato de produzirem metabolitos secundarios (cianotoxinas) que podem ser liberados na agua durante a lise das células.
Assim, neste trabalho analisou-se a toxicidade aguda e cronica do extrato bruto de floragdes de cianobactérias ocorridas
nos reservatorios de Barra Bonita ¢ Promissdo, Médio rio Tieté, SP, aos cladéceros Ceriodaphnia dubia Richard, 1894
(espécie exdtica) e Ceriodaphnia silvestrii Daday, 1902 (espécie nativa). As amostras das flora¢des de cianobactérias foram
coletadas em margo de 2006 e liofilizadas para preparo dos extratos brutos e para analise de microcistinas (ELISA).
Microcystis aeruginosa Kiitzing e Pseudanabaena mucicola (Huber-Pestalozzi & Naumann) Bourrelly foram as espécies
com maior destaque no reservatorio de Barra Bonita, enquanto M. aeruginosa se destacou no de Promissao. Concentracdes
relativamente altas de microcistinas totais foram detectadas nos extratos brutos de floragdes dos reservatdrios (801,12
e 1420,70 pug L' para Barra Bonita e 238,78 ¢ 932,32 ug L' para Promiss@o). Todos os extratos brutos testados causaram
toxicidade aguda aos dafinideos, sendo que C. dubia foi mais sensivel do que C. silvestrii. As concentragdes mais elevadas
dos extratos (80 e 160 mg L' para Barra Bonita e 100 mg L' para Promisso) afetaram adversamente a sobrevivéncia
e a reproducdo dos dafinideos, enquanto baixas concentragdes nao tiveram efeito tdxico e aparentemente estimularam maior
reproducgdo. Os resultados evidenciaram efeitos adversos a biota aquatica e possiveis riscos a saide humana, sendo necessaria
a implantagdo de medidas para reverter o processo de eutrofizagdo.

Palavras-chave: claddceros, extratos brutos, floragdes de cianobactérias, microcistinas, reservatorios, rio Tieté, toxicidade cronica.

ABSTRACT

Toxicity of the extracts of cyanobacteria blooms from Tieté River reservoirs, SP, to the
daphnids Ceriodaphnia dubia e Ceriodaphnia silvestrii (Cladocera, Crustacea)

In eutrophic environments cyanobacterial blooms frequently represent risks to human health and natural biota, due to their
production of toxins that are released in the water by cells lysis. The acute and chronic toxicity of crude extracts from
cyanobacterial blooms occurring in Barra Bonita and Promissao reservoirs Middle Tieté River, SP, were evaluated by
performing ecotoxicological tests using two daphnids spcies, Ceriodaphnia dubia Richard, 1894 (exotic species) and
Ceriodaphnia silvestrii Daday, 1902 (native species). Cyanobacterial bloom samples were collected in March 2006, and
lyophilized in order to prepare crude extracts and to analyze the microcystin content (ELISA essay). Microcystis aeruginosa
Kiitzing and Pseudanabaena mucicola (Huber-Pestalozzi & Naumann) Bourrelly were abundant in the blooms from Barra
Bonita Reservoir, whereas M. aeruginosa was dominant in the material from Promissdo Reservoir. High concentrations
of total microcystins were detected in crude bloom material extracts from reservoirs (801.12 and 1,420.70 pug L' for Barra
Bonita Reservoir and 238.78 and 932.32 ug L' for Promissio Reservoir). The crude bloom extracts caused acute toxicity
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147



148  J. Braz. Soc. Ecotoxicol., v. 2, n. 2, 2007

Takenaka, Dellamano-Oliveira & Rocha

to daphnids and C. dubia was usually more sensitive than C. silvestrii. Higher concentrations of crude extracts (80 and
160 mg L' for Barra Bonita Reservoir and 100 mg L' for Promissdo Reservoir) affected adversely the survival and the
reproduction of daphnids, while lower concentrations appeared to stimulate reproduction. The results evidenced the risks
to the natural biota and possibly to the human health, pointing to the urgent necessity to prevent eutrophication.

Key words: cladocerans, crude extracts, cyanobacterial blooms, microcystins, reservoirs, Tieté River, chronic toxicity.

INTRODUCAO

A eutrofizag@o atualmente ¢ um fendmeno mundial, que
tem levado a degradagdo dos ecossistemas aquaticos,
prejudicando os usos multiplos da agua (Bartram et al., 1999).
O crescente processo de eutrofiza¢o € o resultado de atividades
humanas. As descargas de esgotos domésticos e industriais,
principalmente originarias de centros urbanos e das regides
agriculturaveis, t€tm como conseqiiéncia uma série de efeitos
que produz mudangas na qualidade da agua, tais como: aumento
do custo de tratamento da agua, redugdo da concentragdo de
oxigénio dissolvido, perda das qualidades cénicas, morte
extensiva de peixes ¢ aumento da incidéncia de floragdes de
microalgas e cianobactérias (Azevedo & Vasconcelos, 2000).

As floragdes de cianobactérias implicam riscos a satide
humana e a biota aquatica, uma vez que diversas espécies de
cianobactérias que formam as flora¢des produzem toxinas
(hepatotoxinas e neurotoxinas). Embora as conseqiiéncias das
floragdes possam ocorrer durante todo o periodo do seu
desenvolvimento, ¢ na fase final, quando ocorre o colapso,
que essas sdo mais drasticas, devido ao processo de
decomposi¢do ¢ a liberagdo massiva de cianotoxinas
(Vasconcelos & Aratijo, 1994).

As floragdes de cianobactérias influenciam todas as
comunidades, particularmente a zooplanctonica, nos
ecossistemas onde ocorrem, interferindo na transferéncia de
energia aos niveis troficos superiores (Rocha et al., 1997;
Tundisi et al., 2002). Ha evidéncia de que cianobactérias
exercem efeitos deletérios sobre o zooplancton, entretanto,
esses efeitos sdo muito variaveis entre géneros e espécies, €
mesmo entre clones de espécies zooplanctonicas. Uma das
principais questdes ainda a ser resolvida é se os efeitos
inibitorios observados se devem ao suposto baixo valor
nutricional de cianobactérias, as cianotoxinas conhecidas ou
a outros compostos néo identificados (Sivonen & Jones, 1999).

A maioria dos estudos sobre as interagdes entre
cianobactérias e zooplancton tem focado os efeitos de linhagens
toxicas de cianobactérias isoladas e cultivadas em condigdes
de laboratério e fornecidas como alimento (Rohrlack ez al.,
1999; Thostrup & Christoffersen, 1999; Ferrdo-Filho ef al.,
2000; Ferrdo-Filho et al., 2002a; Ferrdo-Filho & Azevedo,
2003). Ha, ainda, alguns estudos relacionados aos efeitos de
microcistinas purificadas (Chen ef al., 2005), bem como de
extratos brutos de floragdes naturais de cianobactérias sobre
espécies zooplanctonicas (Minillo et al., 2000; Sotero-Santos

et al., 2006; Okumura et al., 2007). Uma diferencga principal
no delineamento dos estudos esta relacionada ao fato de os
organismos serem ou no expostos as cianotoxinas dissolvidas
na agua ou alimentados com cianobactérias téxicas.

No presente trabalho, analisou-se a toxicidade aguda e
cronica de extratos brutos de floragdes naturais de cianobactérias
oriundas de reservatorios do Médio rio Tieté, SP, a claddceros,
a fim de investigar o efeito de tais floragdes sobre o zooplancton,
simulando particularmente o que aconteceria no final das
floragdes, quando grande quantidade de toxinas seria liberada
na agua por lise celular.

MATERIAL E METODOS

Coleta

As amostras de floragdes naturais de cianobactérias foram
coletadas com rede de fitoplancton (20 wm) em 03/03 e 14/03
de 2006 no reservatorio de Barra Bonita e em 08/03 e 17/03 de
2006 no reservatorio de Promissdo, ambos localizados no rio
Tieté, Sdo Paulo, Brasil. As amostras foram congeladas,
liofilizadas e armazenadas a —20°C.

Preparo do extrato bruto de cianobactérias

O material liofilizado relativo as flora¢des naturais foi
pesado e uma quantidade preestabelecida foi ressuspensa em
agua destilada. A suspens@o foi submetida a um ciclo de
congelamento e descongelamento em temperatura ambiente
por 3 vezes, para provocar o rompimento das células e liberagao
das toxinas. Apds esse processo, a suspensdo foi centrifugada
a 3500 rpm por 10 min e o sobrenadante foi utilizado na
preparagdo, por dilui¢do em agua reconstituida, das diferentes
concentragdes do extrato a serem testadas (CETESB, 1993).

Cultivo dos claddceros

Os dafinideos Ceriodaphnia dubia Richard, 1894 ¢
Ceriodahnia silvestrii Daday, 1902 (Crustacea, Cladocera)
sdo oriundos de cultivos mantidos no Laboratorio de Ecotoxi-
cologia do Departamento de Ecologia e Biologia Evolutiva
da Universidade Federal de Sdo Carlos (DEBE/UFSCar). Esses
organismos foram cultivados, seguindo normas padronizadas
(ABNT, 2005), em béqueres de 2 L com agua reconstituida
(dureza total de 40-48 mg CaCO, L™ e pH de 7,0-7,6), alimenta-
dos com suspensdo da alga cloroficea Pseudokirchneriella
subcapitata (anteriormente conhecida como Selenastrum
capricornutum) na concentragdo de 1 x 10° cel/mL e com uma
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mistura de leveduras e racao de peixe fermentada (proporg¢éo
de 1:1), e mantidos em incubadora a 25°C e fotoperiodo de
16h claro/8h escuro. C. dubia é oriunda de regides temperadas
(o in6culo foi obtido junto a CETESB) e C. silvestrii ¢ uma
espécie nativa, comum nas aguas doces brasileiras e com
ocorréncia nos reservatorios estudados.

Testes de toxicidade aguda

Para ambas as espécies, cinco neonatas (< 24h) foram
colocadas em tubos de ensaio contendo 10 mL de extrato bruto
de cianobactérias, em quatro réplicas por tratamento. As
concentragdes testadas, preparadas com agua reconstituida,
foram: 0 (controle), 50, 100, 200, 400 ¢ 800 mg L', tanto para
Barra Bonita como para Promissdo. Durante o periodo de
exposi¢ao (48h), os organismos foram mantidos em incubadora
a 25°C, sem iluminagdo e sem alimentacdo. As variaveis pH
(potencidmetro Quimis, modelo Q400A), condutividade elétrica
(condutivimetro Digimed, modelo DM3) e dureza (titulometria
com EDTA) foram monitoradas no inicio e ao final dos testes.
Apo6s 48h, o nimero de organismos imoveis ou mortos foi
registrado. Os resultados foram expressos em CE50 — concentra-
¢do efetiva média que causa efeito agudo a 50% dos organismos
no tempo de exposi¢do (ABNT, 2004).

Testes de toxicidade cronica

Para cada espécie, neonatas (< 24h) foram colocadas
individualmente em tubos de ensaio contendo 15 mL do extrato
bruto em concentragdes subletais (determinadas com base nos
testes de toxicidade aguda), preparadas com agua reconstituida.
Foram utilizadas 10 réplicas para cada tratamento, incluindo
o controle. Durante o periodo de exposi¢do (8 dias), os
organismos foram mantidos em incubadora a 25°C, sem
iluminagdo, e alimentados diariamente, como no cultivo. As
suspensoes de extrato bruto foram renovadas a cada dois dias,
quando também eram registrados os individuos mortos e o
numero de neonatas vivas produzidas. Condutividade elétrica
(condutivimetro Digimed, modelo DM3), pH (potenciometro
Quimis, modelo Q400A), dureza (titulometria com EDTA) e
concentracao de oxigénio dissolvido (oximetro Cole Palmer,
modelo DO100) foram monitorados. Os resultados foram
expressos em porcentagem para a sobrevivéncia e nimero médio
de neonatas produzidas para a reproducdo (ABNT, 2005).

Andlises estatisticas

Os dados obtidos nos testes de toxicidade aguda foram
sumarizados e analisados utilizando-se o método estatistico
Trimmed Spearman-Karber (Hamilton ef al., 1977) para calcular
os valores da CE50. Nos testes de toxicidade cronica foi
utilizado o programa computacional TOXSTAT 3.3 (Gulley
et al., 1991). Os dados de sobrevivéncia foram analisados pelo
teste de Fisher, enquanto os dados de reproducao foram primeiro
testados quanto a normalidade e a homogeneidade (testes de
x* e Hartley, respectivamente) e, entéio, submetidos ao método
paramétrico Dunnett, uma vez que seguiram distribui¢do normal.
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Andlise de microcistinas

As concentragdes de microcistinas dos extratos brutos
foram determinadas por meio do imunoensaio ELISA, com
o kit de placas da Beacon Analytical Systems Inc., e expressas
na forma de equivalentes de microcistinas totais, em g L.

Anadlise qualitativa da comunidade fitoplanctonica

Para determinar as principais espécies de cianobactérias
presentes na comunidade fitoplanctonica, amostras foram
coletadas em diferentes profundidades em um ponto na regido
central dos reservatorios de Barra Bonita e Promissao,
utilizando-se rede de plancton de 20 um de abertura de malha,
com auxilio de bomba de sucgio, e fixadas com solu¢do de
formol 4%. A identificagdo dos taxons foi feita a partir da analise
populacional, sempre que possivel, a0 menor nivel taxondmico,
utilizando-se um microscopio binocular da marca Carl Zeiss,
modelo Axioscop, com resolucdo maxima de 2.560 vezes e
consultando-se literatura especializada.

RESULTADOS

Todos os extratos brutos de cianobactérias dos reser-
vatérios de Barra Bonita e Promisséo, rio Tieté, SP, continham
microcistinas e causaram efeito toxico agudo aos claddceros
Ceriodaphnia dubia ¢ C. silvestrii. As concentragdes de
microcistinas dos extratos brutos de cianobactérias dos
reservatorios foram relativamente altas (Tabela 1), sendo que
as mais elevadas foram obtidas para o material das flora¢des
de Barra Bonita. Nos dias amostrados, Microcystis aeruginosa
e Pseudanabaena mucicola se destacaram no reservatorio de
Barra Bonita, enquanto M. aeruginosa se sobressaiu no
reservatdrio de Promiss@o, no periodo estudado.

Os extratos brutos de cianobactérias de Barra Bonita
de 03/03/06 apresentaram maiores concentragdes de microcis-
tinas e foram mais toxicos para ambas as espécies do que
os de 14/03/06. Os extratos brutos de Barra Bonita de 14/03/06
foram mais toxicos para C. dubia do que para C. silvestrii.
Os valores de CE50 (48h) foram condizentes com aqueles
reportados em outros trabalhos (Tabela 2). O extrato bruto
da floragdo de cianobactérias da represa de Promissao
amostrada em 08/03/06 foi mais toxico para as duas espécies
de claddceros do que aquele da coleta de 17/03/06 (Tabela
2), embora esse ultimo tenha apresentado maior concentragdo
de microcistinas por unidade de peso do material do que o
primeiro.

Em relag@o as variaveis monitoradas, de modo geral, o
pH foi menor na suspensdo de maior concentragdo € menor
em todas as suspensdes ao final do que no inicio dos testes.
Nao se observaram variagdes na condutividade elétrica entre
as suspensdes de diferentes concentra¢des de extrato no inicio
do experimento, contudo, a condutividade aumentou ligeira-
mente ao final do teste. A dureza, medida apenas no final dos
testes, sofreu pequenas alteracdes entre as concentragdes dos
extratos (Tabela 3).
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Tabela 1 — Concentracdo média de microcistinas totais de extratos brutos de
cianobactérias dos reservatdrios de Barra Bonita e Promissdo, Médio rio Tieté, SP.

Concentragio média de

Reservatorio Data microcistinas em pg L™ (desvio-padrio)
03/03/2006 1420,70 (319,41)
Barra Bonita
14/03/2006 801,12 (171,56)
08/03/2006 238,78 (66,33)
Promissdo
17/03/2006 932,32 (512,99)

Tabela 2 — Valores de CE50 (48h), expressos em mg L', para os dafinideos Ceriodaphnia dubia e C. silvestrii (Crustacea, Cladocera)
expostos a extratos brutos de floragdes de cianobactérias dos reservatorios de Barra Bonita e Promissdo, Médio rio Tieté, SP.

Local Data C. dubia C. silvestrii Referéncia
. 107,17 (86,4-133,0)*
Nov/2002 100,39 (82.2-122.6) Sotero-Santos et al. (2006)
Barra Bonita 3530006 125,08 (108,2-144,6) 129,99 (105,9-150,0) Presente estudo
14/03/2006 243,39 (213,1-278,9) 495,58 (386,4-547,8) Presente estudo
_ 08/03/2006 164,88 (1453-187,4) 195,33 (162,1-236,0) Presente estudo
Promissao
17/03/2006 323,72 (283,7-369,7)  351,6 (288,9-430,0) Presente estudo

*Valores entre parénteses correspondem ao intervalo de confianca 95%.

Nos testes de toxicidade cronica, a sobrevivéncia dos
cladoceros C. dubia e C. silvestrii foi significativamente
afetada pelo extrato bruto de cianobactérias dos reservatorios
de Barra Bonita e Promissdo (Tabelas 4 ¢ 5), nas maiores
concentragdes testadas, ocasionando mortalidade de 40 a 100%
e de 50 a 100%, respectivamente. Por conseqiiéncia, tais
concentragdes também exerceram efeito negativo sobre a
reprodug¢do dos dafinideos. Nao foi observado efeito dose-
reposta na reproducdo dos organismos. Outro fenomeno
observado ¢ que, nas menores concentragdes testadas, a
reproducdo foi estimulada, sendo, muitas vezes, signifi-
cativamente superior aquela registrada no controle (Tabelas
4 ¢ 5). De modo geral, a reproducio de C. dubia foi maior
do que a de C. silvestrii.

Em relagao as variaveis monitoradas, de modo geral, o
pH das suspensdes diminuiu do inicio para o final dos testes.
A condutividade elétrica ndo variou entre as diferentes concen-
tragdes, tendo, porém, aumentado ao final dos testes, em
especial, nas maiores. A dureza também nio variou entre as
concentragdes nem do inicio para o final dos testes. A

concentracao de oxigénio dissolvido diminuiu no final dos testes,
da menor para a maior concentragdo (Tabela 6).

DISCUSSAO

A ocorréncia de floragdes de cianobactérias ¢ uma
caracteristica recorrente em reservatorios do rio Tieté, SP, em
especial no de Barra Bonita, que se encontra bastante eutrofizado
(Calijuri et al., 2002; Matsumura-Tundisi et al., 2006; Rocha
et al., 2006). A presenga de floragdes toxicas nesse reservatorio
tem sido demonstrada por meio de bioensaios com camundongos
e claddceros (Sotero-Santos et al., 2006; Okumura et al., 2007),
confirmando os resultados encontrados no presente trabalho.

No Brasil, os géneros mais comuns de cianobactérias
formadoras de floragdes sdo Microcystis, Aphanizomenon,
Anabaena, Cylindrospermopsis ¢ Planktothrix (Sant’anna &
Azevedo, 2000). No presente trabalho, em ambos os reserva-
térios, se destacaram as espécies do género Microcystis,
conhecidas produtoras das microcistinas hepatotoxicas (Yoo
et al., 1995; Sivonen, 1996).
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Tabela 3 — Valores médios de pH, condutividade e dureza, monitorados nos testes de toxicidade aguda com claddceros
expostos a extratos brutos de floragdes de cianobactérias dos reservatorios de Barra Bonita e Promissdo, Médio rio Tieté, SP.

Material CO?I;egn{??fﬁo pH Condutividade (uS cem™) (me IC):Ee(Z)j L
Inicial Final Inicial Final Final

0 (controle)  7,4(0,13)* 7.8(0,05) 171(7,7)  173(10,5) 45 (2,6)
50 7,5(0,11)  7,2(0,14) 174(3,4) 181 (2.,5) 46 (2,8)
Barra Bonita 100 74(0,08) 7,1(0,12) 173(6,8) 183 (7.9) 46 (0,0)
03/03/06 200 7,3(0,05)  6,8(0,06) 172(34)  185(4.4) 46 (2,8)
400 7,2(0,05)  6,6(0,07) 168(3,0)  188(6.5) 44 (2,8)
800 6,8(0,09) 6,0(0,33) 164(52)  183(83) 45 (1,4)
0 (controle) 74(0,12)  7,7(0,05) 168(8,2)  178(17.8) 48 (3,4)
50 7,5(0,06) 7,3(0,06) 168(59) 174 (1,6) 45 (1,4)
Barra Bonita 100 74(0,04)  7,2(0,08) 170(2,3) 176 (6,1) 46 (2,8)
14/03/06. 200 73(0)  7,0(0,12) 165(7,0) 173 (3,3) 55 (9.,9)
400 7,1(0,05)  6,7(0,13) 163(6,7)  171(1,8) 45 (1,4)
800 6,8(0,03) 63(0,29) 157(7.8) 161 (3.9) 42 (2,8)
0 (controle) 74(0,05)  7,7(0,04) 164(7,5) 181 (4,9) 48 (3,4)
50 7,5(0,13)  7,1(0,07) 179(11,0) 176 (8.,5) 45 (2,6)
Promissio 100 7,3(0,10)  7,0(0,08) 174(53)  179(9.5) 43 (2,3)
08/03/06 200 7,5(0,06) 6,8(0,10) 172(5,3)  180(11,5) 45 (1,9)
400 73(0,13)  6,6(0,20) 167(7.8) 181 (13,5) 44 (1,9)
800 7,1(0,14)  6,0(022) 177(37,7) 199 (37.9) 43 (1,9)
0 (controle) 74(0,09) 7,7(0,05) 161(0,7) 201 (36.8) 50 (7.2)
50 7,5(0,07)  7,2(0,09) 171(7,5) 169 (18.5) 46 (2,0)
Promissio 100 7,5(0,06) 7,0(0,09) 168 (6,4) 181 (8,1) 46 (2,8)
17/03/06 200 74(0,06) 6,9(0,08) 166(9,3) 181 (11,4) 47 (2,3)
400 7,3(0,06)  6,7(0,11) 168(12,9) 179 (11.5) 46 (3,5)
800 7,0 (0,04)  6,1(0,18) 173 (24,1)  195(17.1) 46 (5,3)

*Valores entre parénteses correspondem ao desvio-padrio.

Nos testes de toxicidade aguda ndo foi observada relagio
direta entre a concentrag@o de microcistinas ¢ a toxicidade dos
extratos brutos de cianobactérias dos reservatorios aos cladoceros,
ou seja, extratos com concentragdes relativamente altas de
microcistinas resultaram em menor toxicidade (maiores valores
de CE50) do que aqueles com menores concentragdes da toxina.
Tal fato também foi observado em outros estudos (Jungmann
& Benndorf, 1994; Okumura et al., 2007).

As variagdes nas concentragdes de microcistinas e na
toxicidade aos dafinideos registradas no presente trabalho, entre
datas proximas e ao longo da mesma floragéo, sdo explicaveis
uma vez que, dentro de uma mesma floragdo, pode haver
linhagens produtoras e ndo produtoras de toxinas (Yoo ef al.,

1995). Essas variagdes podem ser temporais, desde intervalos
curtos de tempo até diferengas sazonais e anuais, ¢ também
espaciais (Codd ef al., 1989; Azevedo & Vasconcelos, 2006).
Além disso, as cianobactérias podem produzir varias toxinas
simultaneamente, sendo que mais de uma variante de microcistina
tem sido caracterizada em certas linhagens (Sivonen, 1996).
Ainda, a producao de toxinas pode ser influenciada por diversos
fatores, tais como: fase de crescimento, intensidade luminosa,
pH (Song et al., 1998), temperatura, concentragdo de nutrientes,
especialmente nitrogénio e fosforo (Jacoby et al., 2000; Gupta
et al., 2001), micronutrientes (Lyck ef al., 1996), variagdo genética
(Bittencourt-Oliveira et al., 2001) e pressdo de herbivoria
(Agrawal et al., 2005).
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Tabela 4 — Percentagem de sobrevivéncia e nimero médio de neonatas vivas produzidas pelos dafinideos Ceriodaphnia dubia e
C. silvestrii (Crustacea, Cladocera) durante os testes de toxicidade cronica (8 dias) com extratos brutos de
cianobactérias do reservatorio de Barra Bonita, Médio rio Tieté, SP.

. Sobrevivéncia (%) N? médio de neonatas vivas
Data Conceytragao (!e'extrato b_';“to apo6s 8 dias produzidas (+ desvio-padrio)
de cianobactérias (mg L)
C. dubia C. silvestrii C. dubia C. silvestrii
0 (controle) 100 90 19,9+ 2,0 142+5,0
5 90 90 242+ 11,8 18,6 8,6
10 100 70 27,5+72 16,7+ 12,2
03/03/06
20 100 100 25,1+35 31,2+3,9
40 90 90 17,2+7,7 179+7,4
80 307 307 3,1 £4,5% 0,1 £0,3*
0 (controle) 100 100 17,5+£3,5 16,0£7,5
10 70 - 20,0 £ 14,1 -
20 100 90 31,6 £3,0 17,4+ 10,7
14/03/06 40 100 100 289+3,5 22,0+ 10,1
80 80 90 21,7+ 10,2 27,9+4,0
160 107 6071 0,3+0,7* 0*
320 - 0t - 0*

T = diferenga estatisticamente significativa em relagdo ao controle (p = 0,05), segundo o teste de Fisher.
* = diferenca estatisticamente significativa em relag@o ao controle (p < 0,05), segundo o teste de Dunnett.
—=nfo realizado.

Tabela 5 — Percentagem de sobrevivéncia e nimero médio de neonatas vivas produzidas pelos dafinideos Ceriodaphnia dubia e
Ceriodaphnia silvestrii (Crustacea, Cladocera) durante os testes de toxicidade cronica (8 dias) com extratos brutos de
cianobactérias do reservatorio de Promissdo, Médio rio Tieté, SP.

N médio de neonatas vivas

x s AL g . .
Data Concentragiio de extrato bﬁuto Sobrevivéncia (%) apés 8 dias produzidas (+ desvio-padrio)
de cianobactérias (mg L)
C. dubia C. silvestrii C. dubia C. silvestrii
0 (controle) 100 80 18,0+2,7 11,3+£6,4
6,25 90 207 282+32 2,545,3%
12,5 100 60 26,6+ 89 8,0+6,0
08/03/06
25 100 40 26,2+ 5,5 6,245,8
50 90 80 22,0+74 6,7£3,6
100 07 107 1,0 £3,2% 0+0*
0 (controle) 100 100 24,0+ 4,0 21,0+ 10,0
12,5 100 90 33,5+73 22,1+90
25 100 100 36,8 +3.3 26,5+9,6
17/03/06
50 100 100 358+£5,0 28,5+ 12,3
100 50+ 407 12,8 +11,9* 4,5+6,3*%
200 07 0f 0* 0*

+ = diferenca estatisticamente significativa em relacdo ao controle (p = 0,05), segundo o teste de Fisher.
* = diferenca estatisticamente significativa em relagdo ao controle (p < 0,05), segundo o teste de Dunnett.
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Tabela 6 — Valores de pH, condutividade, dureza e concentragdo de oxigénio dissolvido, monitorados durante os testes de toxicidade cronica com
cladoceros expostos a extratos brutos de floragdes de cianobactérias dos reservatorios Barra Bonita e Promissdo, Médio rio Tieté, SP.

. Concentracio pH Condutivi_(}ade Dureza . Oxigénio diflsolvido
Material (mg L (US cm™) (mg CaCO; L™) (mg L)
Inicial Final Inicial Final [Inicial Final Inicial Final
0 (controle) 7.5 7,8 168 167 44 46 6,7 6,3
5 7,6 7,2 174 172 44 46 6,7 6,0
gj;ir?a 10 7,7 7,2 171 174 46 48 6,8 5,9
03/03/06 20 7,7 7,1 168 171 46 46 6,9 5,8
40 7,7 7,0 169 175 46 46 6,9 5,5
80 7,6 7,0 172 186 46 46 6,7 4,8
0 (controle) 7.4 8,2 174 178 42 44 6,3 6,8
10 7,6 7,3 171 187 44 46 - 6,4
Barra 20 7,7 7,2 174 181 44 46 6,4 6,2
Bonita 40 7,6 7,1 170 181 44 44 6,3 6,1
14/03/06 80 76 71 172 183 44 42 6,5 5.9
160 7,4 6,8 172 190 44 44 6,5 4,2
320 7,3 6,7 184 175 44 48 - 2,0
0 (controle) 7,3 7,8 171 178 42 48 - -
6,25 7,5 7.3 166 185 48 48 - -
Promissdo 12,5 7,5 7,2 171 183 48 48 - —
08/03/06 25 7.5 7.1 162 185 48 48 - -
50 7,5 7,1 165 182 48 48 - -
100 7,5 6,9 168 196 48 48 - -
0 (controle) 7,3 7,7 168 172 42 46 - 6,8
12,5 7,6 7,2 160 173 48 46 - 7,0
Promissdo 25 7,7 7,1 162 178 46 46 - 6,2
17/03/06 50 7,7 7.1 167 181 46 46 - 6,0
100 7,6 7,0 166 187 46 46 - 5,5
200 7,6 6,9 169 205 46 48 - -
—=ndo medido.

Em geral, C. dubia foi mais sensivel do que C. silvestrii
nos testes de toxicidade aguda. Segundo Ferrdo-Filho ef al.
(2000), as diferencas na sensibilidade entre claddceros parecem
estar mais relacionadas a histdria de vida do que a origem
geografica.

Diversos estudos comprovam o efeito toéxico de
microcistinas sobre os organismos zooplanctonicos (DeMott
et al., 1991; Rohrlack et al., 1999; Thostrup & Christoffersen,
1999; Chen et al., 2005). Outros estudos ressaltam ainda a
presenca de outros compostos como responsaveis pela
toxicidade (Nizan et al., 1986; Jungmann, 1992; Jakobi et al.,
1996; Agrawal et al., 2001; Agrawal et al., 2005).

Okumura et al. (2007) atribuiram ao efeito combinado
de diferentes toxicos (cianotoxinas, metais e hidrocarbonetos
aromaticos policiclicos — PAHs) a maior toxicidade dos extratos
brutos de cianobactérias dos reservatorios de Barra Bonita e
Ibitinga, Médio rio Tieté, SP, quando comparados a uma
linhagem téxica de Microcystis aeruginosa em testes com
dafinideos (C. silvestrii, C. dubia e D. similis), apesar da maior
quantidade de microcistina presente nesta ultima. De fato,
estudos recentes t€ém demonstrado a ocorréncia de compostos
téxicos na dgua e no sedimento de reservatdrios do rio Tieté
(Fracacio et al., 2003; Rodgher et al., 2003; Silvério et al.,
2005).
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Entretanto, outros compostos bioativos, que nao as
microcistinas, podem ser produzidos pelas cianobactérias. Best
et al. (2002) observaram que lipopolissacarideos (LPS) de
cianobactérias podem atuar nos efeitos toxicos de microcistinas
em Danio rerio, reduzindo a atividade de enzimas de desinto-
xicacdo. Trabeau et al. (2004) atribuiram efeitos adversos em
Daphnia a polissacarideos da capsula de Microcystis. No
presente trabalho, os compostos acima citados ndo foram
determinados, contudo, pode-se supor que a presenca dos
mesmos poderia aumentar a toxicidade dos extratos brutos aos
dafinideos, explicando a maior toxicidade de extratos com
concentragdes relativamente baixas de microcistinas.

Okumura et al. (2007), realizando testes de toxicidade
cronica com extrato bruto de cianobactérias do reservatorio
de Barra Bonita, e Chen ez al. (2005), analisando a toxicidade
cronica de microcistina-LR purificada, observaram redugdo
significativa da sobrevivéncia de dafinideos nas maiores
concentracdes testadas, o que também foi observado no
presente trabalho.

Chen et al. (2005) observaram mudangas ultra-estruturais
em individuos de Daphnia magna expostos a elevadas concen-
tragdes de microcistina purificada, indicando que o canal alimentar
poderia ser o 6rgao-alvo afetado. Assim, os organismos poderiam
ser levados a deficiéncia nutricional. Ainda, diante do efeito toxico
das microcistinas, 0s organismos expostos a altas concentragdes
de extrato bruto de cianobactérias alocariam energia para
desintoxicagdo, comprometendo também a reprodugio.

Okumura ef al. (2007) observaram efeito dose-resposta
na reproducgdo de dafinideos, o que nio foi observado no
presente estudo, no qual a reprodugdo dos dafinideos foi
estimulada nas menores concentragdes dos extratos brutos,
sendo, muitas vezes, superior a do controle. Chen et al. (2005)
observaram que baixas concentra¢des de microcistina ndo
tiveram efeitos deletérios sobre Daphnia, mas sim efeitos
estimuladores, sendo a reprodugdo significativamente superior
a do controle. No presente trabalho, os extratos podem ter
fornecido uma quantidade adicional de compostos organicos,
como carboidratos, proteinas e lipidios, aumentando, assim,
o valor nutritivo do meio. Esse efeito seria especialmente
importante nas menores concentragdes testadas, enquanto nas
maiores concentragdes ¢ provavel que o efeito toxico das
microcistinas tenha predominado sobre o valor nutricional.

As cianobactérias sdo grandes produtoras de polissa-
carideos extracelulares (Lombardi & Vieira, 1998), que podem
ser consumidos por cladoceros (Nogueira et al., 2005). Choueri
et al. (2007) obtiveram melhores desempenhos de crescimento
e reproducdo para individuos de Ceriodaphnia cornuta alimen-
tados com exopolissacarideos de Anabaena spiroides do que
para aqueles alimentados com séston do reservatério de Barra
Bonita, mostrando que tais compostos constituem potencial
fonte de alimento.
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Além disso, pode ter havido proliferacao de bactérias
e de outros microrganismos nas suspensdes dos extratos, uma
vez que foi observado processo de decomposicao (odor, reducao
do pH e da concentragio de oxigénio dissolvido), fornecendo
mais alimento aos dafinideos. De acordo com Lampert (1987),
algas, bactérias e protozoarios, além de detritos, sdo os itens
alimentares de dafinideos.

Segundo Kilham et al. (1997), a qualidade de alimento
¢ tdo importante quanto sua quantidade sobre a fecundidade,
o crescimento e a sobrevivéncia dos organismos. Portanto, nas
menores concentragdes dos extratos, disponibilidade e variedade
de alimentos proporcionaram aos dafinideos melhor desem-
penho reprodutivo do que no controle, enquanto nas maiores
concentragdes os efeitos deletérios das microcistinas e de outros
compostos prevaleceram sobre a sobrevivéncia e, em conse-
qiiéncia, sobre a reprodugdo dos organismos.

Os efeitos observados dos extratos brutos de cianobacté-
rias sobre os dafinideos revelaram que diversos fatores inter-
ferem na toxicidade. Outras variaveis modificam a toxicidade,
fazendo com que amostras com menor concentragio de toxinas
possam ser mais toxicas do que outras com maior concentragio,
ou vice-versa.

Os resultados mostram que, no caso de um colapso da
floragdo de cianobactérias em ambiente natural, ha efeitos
adversos a comunidade zooplanctonica, além de compro-
metimento dos usos multiplos (pesca, recreagdo, irrigagio,
turismo, abastecimento), uma vez que ha estudos que
comprovam a bioacumulagdo de cianotoxinas por zooplancton
(Thostrup & Christoffersen, 1999; Ferrao-Filho ef al., 2002b;
Chen et al., 2005), por moluscos (Vasconcelos, 1995) e por
peixes (Soares et al., 2004), portanto, esses animais podem
ser vetores potenciais na transferéncia de cianotoxinas para
niveis tréficos superiores na cadeia alimentar. A redugdo da
eutrofizacdo e a conseqliente diminui¢do na ocorréncia das
floragdes de cianobactérias nos reservatorios tropicais € uma
acAo prioritaria para a manuten¢do da qualidade da agua visando
a protecdo a saude humana e a preservagao da diversidade da
biota natural.
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ABSTRACT

Bioremediation processes are being applied nowadays for treatment of contaminated soils by petroleum products. However,
only chemical analyses are used for efficiency verification, without taking into account a biological indicator. The aim
of this work was the application of two ecotoxicological tests for the evaluation of a soil contaminated by crude oil, after
treatment on a bioreactor, in different conditions. Sample A was treated with biostimulation (pH, nutrients and moisture
control), while samples B and C, besides biostimulation was applied bulking material (sawdust; 10% w/w) also. The
ecotoxicological tests chosen were luminescent bacteria Vibrio fischeri (ISO 11348-3:1998) and an avoidance behavior
test with Eisenia fetida earthworms (still in a draft form). This test consists in the exposition of the organisms to con-
taminated soil and control soil samples, simultaneously, to evaluate the percentage of organisms that goes from the center
of the recipient to the control sample sector. The results of avoidance behavior tests of samples A, B and C were, respectively,
52%, 29% and 50%. Those results indicate no toxicity, once the criteria for a sample be considered toxic is that more
than 80% of the total exposed organisms are in the control soil at the end of the test. However, the test with Vibrio fischeri
indicated toxicity for sample B (CE,; 13.8%), probably because of the recent contamination. Those results indicate that,
although the importance of ecotoxicological tests inclusion for the complementation of bioremediation processes evaluation,
at least two tests, using different organisms must be performed for a better consideration.

Key words: soil contamination, bioremediation, bioreactor, ecotoxicological tests.

RESUMO

Aplicacdo de ensaios ecotoxicolégicos na avaliacio preliminar de solos tratados em biorreator

Os processos de biorremediagdo t€ém sido muito utilizados atualmente para o tratamento de solos contaminados por derivados
da industria do petroleo. Entretanto, apenas as analises quimicas sdo usadas para verificacdo da eficiéncia do processo,
sem a inclus@o de um indicador bioldgico. O objetivo deste trabalho foi aplicar dois ensaios de toxicidade para avaliar
um solo contaminado com dleo cru apos tratamento em biorreator, em diferentes condi¢des. A amostra A foi tratada em
biorreator com a aplicacdo de bioestimulo (controle de pH, nutrientes e umidade), enquanto nas amostras B e C, além
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do bioestimulo, houve adi¢do de material estruturante (serragem). Os ensaios de toxicidade escolhidos foram com bactérias
luminescentes Vibrio fischeri (ISO 11348-3:1998) e um ensaio de comportamento de fuga com minhocas da espécie Eisenia
fetida (ainda sob forma de draft da ISO), que consiste na exposi¢do das amostras do solo que serd avaliado e do solo-
controle, simultaneamente, para avaliar o percentual de organismos que se desloca do centro do recipiente-teste para a
area do solo-controle. Os resultados para o ensaio de fuga das amostras A, B e C foram, respectivamente, 52%, 29% e
50%. Esses resultados ndo indicaram toxicidade, uma vez que o critério para uma amostra ser considerada toxica é que
mais de 80% do total de organismos esteja no solo-controle ao final do ensaio. Entretanto, o ensaio com Vibrio fischeri
indicou toxicidade para a amostra B (CE,; 13,8%). Esses resultados sugerem que, além da importéncia da inclusio dos
ensaios ecotoxicologicos para complementagdo da avaliagdo de processos de biorremediacdo, devem ser realizados pelo
menos dois ensaios com organismos diferentes para melhor consideragdo sobre a avaliagdo ecotoxicologica das amostras.

Palavras-chave: contaminagdo do solo, biorremediagdo, biorreator, ensaios ecotoxicoldgicos.

INTRODUCTION

By definition, bioremediation is the use of living
organisms, primarily microorganisms, to degrade the
environmental contaminants into less toxic forms. It uses
naturally occurring bacteria and fungi or plants to degrade or
detoxify substances hazardous to human health and/or the
environment (Vidali, 2001).

For bioremediation to be effective, microorganisms must
enzymatically attack the contaminants and convert them to
harmless products. As bioremediation can be effective only
where environmental conditions permit microbial growth and
activity, its application often involves the manipulation of
environmental parameters to allow microbial growth and
degradation to proceed at a faster rate (Vidali, 2001).

Different techniques are employed in bioremediation
processes. In situ bioremediation provides the treatment in place,
for example: bioventing, in situ biodegradation and biosparging.
EXx situ bioremediation techniques involve the biological treatment
after the excavation or removal of contaminated soil from ground.
For example, landfarming, biopiles and bioreactors (Vidali, 2001).

In a bioreactor, that could be a slurry-phase or a solid-
phase bioreactor, the operating parameters have to be optimized
in order to reduce costs and increase efficiency (Nano ef al.,
2003). Both the reactors involve the contact of the contaminated
soil with water, nutrients, oxygen, biomass, bulking agents and
occasionally cosubstrates or surfactants to enhance the
biodegradation rate. However, while in a slurry-phase bioreactor
the soil is suspended in water, in the solid-phase bioreactor
water is just added to ajust the soil moisture content to support
microbial growth and maintenance.

Bioremediation is being used nowadays in the treatment
of soils contaminated by petroleum industry but the
contamination assessment has been focused only on chemical
parameters, without taking into account ecotoxicological tests.
However, the chemical analysis of the substances cannot provide
the toxicity information for living organisms. The
ecotoxicological tests can indicate a more precise response
of contaminants toxicity for living organisms that a chemical
analyses of each compound could not do.

Studies performed after remediation processes by
hydrocarbons showed that a residual toxicity could be present,
demonstrated only by ecotoxicological tests (Dorn & Salanitro,
2000; Hund & Traunspurger, 1994; Nunes-Halldorson et al.,
2004; Plaza ef al., 2005; Salanitro et al., 1997). Some by-
products and intermediates can be generated by the
microbiological activity during the bioremediation processes
and could be more toxic than the initial contaminants (Nunes-
Halldorson et al., 2004).

Once recent studies have added toxicity effects of
bioremediation, a group of ISO (International Organization
for Standardization) experts is preparing some recommendations
for test strategies with respect to the protection of the habitat
function of soil. The tests recommended represent a minimum
test battery that may be accomplished by additional tests or
even be replaced by others according to the intended uses or
protection goals envisaged (ISO, 2006b). It is well known that
ecotoxicity of contaminants in soil samples are different for
various organisms,so the spectrum of test organisms should
encompass different trophic levels. As reported by Hubalek
et al. (2007), ecotoxicity tests of soil samples can be performed
either as contact tests with solid material or as tests on soil
elutriates. Luminescent bacteria (Vibrio fischeri) test is one
of the most commonly and recommended to assess the retention
function of soil extracts (ISO 11348:1998, all parts). Their
sensitivity, however, is lower for substances with low water
solubility, as petroleum hydrocarbons.

There are several standardized contact tests, but Eisenia
fetida is a frequently used test organism for soil quality assessments.
Originally, the earthworm mortality test (ISO 11268-1) and the
reproduction test (ISO 11268-2) were developed for substance
testing (ISO, 1998a and b). These tests can be applied to
investigate the habitat function of a soil for soil biocenosis with
respect to earthworms. The disadvantages of the acute test and
the reproduction test are a low sensitivity and a long test period
(Hund-Rinke ef al., 2002). As the test period and the work expense
dictate the costs of a given test, it is preferable to obtain the
results within a short test period and at a high level of sensibitily.
That is especially the case for assessment of remediated soils
(ISO, 2006a).
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For this fact, some researchers (Hund-Rinke & Wiechering,
2001; Hund-Rinke et al., 2002, 2005; Loureiro et al., 2005;
Schaefer, 2001) are evaluating a test using earthworms (Eisenia
fetida and E. andrei) — that is still in a draft form — where
the avoidance behavior is used as indicator (ISO, 2006a).
The avoidance behavior test may be applied as a rapid
screening test to determine the bioavailability of chemical
substances or of contaminants in the soil for Eisenia sp., and
can be used for soil contamination and soil remediation
samples.

The aim of this work was the application of two
ecotoxicological tests using Vibrio fischeri for determination
of the inhibitory effect on the light emission and Eisenia fetida
behavior test for the evaluation of a soil contaminated by crude
oil, after treatment on a solid-phase bioreactor, in different
conditions. The Vibrio fischeri test was chosen because it is
being indicated on the ISO/CD 17616 Draft — Guidance for
the choice and evaluation of bioassays for ecotoxicological
characterization of soils and soil material (ISO, 2006b) as one
of the aquatic test with soil eluate that can be applied to obtain
information about the fraction of contaminants potentially
reaching the groundwater by the water path (retention function
of soils). The avoidance behavior test with E. fetida was chosen
because it is being indicated as suitable especially in cases
for the assessment of remediated soils (ISO, 2006a).

MATERIAL AND METHODS

The soils used for this study were from Brazil,
contaminated with crude oil (2-4% w/w) that were, before the
biological treatment, naturally-dried, sieved to pass a 1.68 mm
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sieve and homogenized. The background characteristics of the
contaminated soils are presented in Table 1.

Contaminated soil samples were treated on a solid-phase
bioreactor during 42 days at ambient temperature and daily
submitted to agitation and aeration cycles. Sample A was treated
with biostimulation (pH, nutrients and moisture control), while
samples B and C, besides biostimulation was applied bulking
material (sawdust; 10% w/w) also.

As could be verified in Table 2, at the end of the treatment
all samples showed satisfactory results in terms of total
petroleum hydrocarbon (TPH) removal: sample A 12.5%;
sample B 13.0%; and sample C 36.3%. Those results are
considered satisfactory since only 5 to 7% TPH removal were
obtained in a 42 day monitored natural attenuation process
simulation, conducted by the authors as a control, for the same
contaminated soil samples (data not shown).

The ecotoxicological tests chosen were luminescent bacteria
Vibrio fischeri (ISO 11348-3) and the avoidance behavior test
with Eisenia fetida (Draft ISO/DIS 17512-1.2)(ISO, 1998c; ISO
2006a). The bioassay with Vibrio fischeri has been used for
ecotoxicity evaluation of contaminated soil (Hubalek ez al., 2007)
and frequently recommended by Brazilian environmental agencies
as a complementary biological parameter. Nevertheless, Eisenia
fetida is a widespread earthworm species routinely used in
ecotoxicological studies, including waste site assessments
(Hubalek et al., 2007). Soils samples were dried and sieved
through a 2 mm mesh before Vibrio fischeri test, conducted based
on EPA-823/B-01-002 method (EPA, 2001). The soil elutriate
was prepared by mixing the soil (on dry mass basis) with distilled
water (1:4 w/v, soil:water) and shakering during 30 min., following
by centrifugation for 30 min.

Table 1 — Background characteristics of the contaminated soils.

Characteristics Soil A and B Soil C
Soil texture Sandy loam Loamy sand
Soil horizon A A

Contamination type

Paraffinic crude oil

Paraffinic crude oil

Contamination Former/recent Former
Water holding capacity (WHC) (%) 28 27
pH 6.4 4.8
Bulk density (g/cm®) 1.2 1.1
Particle density (g/cm’) 1.4 2.3
Porosity (%) 16.5 52
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The principle of ISO 11348-3 is the inhibition of light
emission by cultures of Vibrio fischeri by means of a batch
test. This is accomplished by combining specified volumes
of the test sample or the diluted sample with the luminescent
bacteria suspension in a cuvette. The test criterion is the decrease
of the luminescence, measured after a contact of 15 min and
30 min, taking into account a correction factor (f, ), wich is
a measure of intensity changes of control samples during the
exposure time. The results were expressed in CE_ (ISO, 1998c).

The soils samples used for avoidance behavior test were
previously sieved (2 mm) and adjusted to about 60% of the
maximum water holding capacity. The control soil used was
a soil as similar as the test soil in all characteristics other than
the presence of contaminants, taked from the surroundings (ISO,
2006a).

The avoidance behavior test was performed with the
exposure of the earthworms at the same time to the samples
of non contaminated (control) and treated soil. Both samples
are placed in the same recipient, in different sections, separated
through a divider, forming two compartments. After organizing
the samples on each side, the divider is removed, forming a
line where 10 adult organisms (with developed clitellum and
wet mass between 300 mg and 600 mg) are placed in the surface
(ISO, 2006a).

After 48 hours, the number of organisms in each section
of the recipient is verified. The sample is considered to be toxic
(with the habitat function limited) if more than 80% of the total
of exposed organisms were found in the control soil. The results
were expressed by percentage of organisms in the control soil
(ISO, 2006a).

The tests were performed with five replicates, and were
developed in controlled conditions of temperature (20°C % 2°C),

Sisinno et al.

constant light intensity (400 lux to 800 lux), and light/dark
cycle (12 h:12 h). The reference substance used to obtain general
information about the sensitivity of the organisms was boric

acid (H,BO,) (ISO, 2006a).

RESULTS

The results of avoidance behavior tests of samples A,
B and C were, respectively, 52%, 29% and 50%. Those results
indicated no toxicity, once the criteria for a sample be considered
toxic is that more than 80% of the total exposed organisms
are in the control soil at the end of the test.

The test with Vibrio fischeri indicated no toxicity for
samples A (CE,, 90%) and C (CE, 54.9%). However, sample
B was considered toxic showing a CE,; of 13.8%.

The ecotoxicological tests results are probably related
with the time of contamination once sample B was originated
from a recent case of contamination, where the supposed toxic
by-products generated during the bioremediation were more
available for the microorganisms.

DISCUSSION

The preliminary results indicated the importance of
ecotoxicological tests application in the complementation of
bioremediation processes evaluation. Besides this observation,
at least two tests, using different organisms must be performed
for a better consideration of the ecotoxicological evaluation
of the soil samples. Hubdlek ez al. (2007) affirms that the results
of ecotoxicological tests differs according to the test organisms,
the selected endpoints and the type of test method (elutriates
or contact test).

Table 2 — Results obtained at the beginning (t = 0) and after biological treatment in soil bioreactor (t = 42 days).

Soil A Soil B Seil C
Parameter
t=0 t =42 days t=0 t =42 days t=0 t =42 days
TPH (%) 222 1.94 1.95 1.69 0.585 0.373
0G (%) 3.48 3.15 343 2.51 2.82 2.78
pH 5.9 6.6 6.08 6.20 5.57 5.43
Heterotrophic 3% 107 2% 107
microorganisms 6x10° 9. 2% 10° 8. 6x10'" 2% 10'°
(CFU/ g SOil) (1 X 10" int=28 days) (2 X 10°int=21 days)
Oil Degraders 5% 10! 1x10°
microorganisms 2% 10? 9x 10* 4x10° 8x10°

(MPN/g soil)

(7% 107 in t = 28 days)

(6% 10° in t =21 days)
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Luminescent bacteria test can be recommended to assess
the retention function of soil in cases where the potentially
harmful substances in the contaminated soil can affect the ground
and surface water (ISO, 2006D).

Avoidance behavior test performed with E. fetida —
adapted with the use of contaminated natural soils — may be
applied in addition to contaminated areas evaluation. According
to the results of Hund-Rinke & Wiechering (2001), the
avoidance behavior test with samples of contaminated areas
showed a significantly larger sensibility compared to those
with artificially contaminated samples. However, it should be
pointed out that variations related with the composition of the
soil to be tested need to be very carefully evaluated if the
objective of the test is the evaluation of the toxicity with natural
samples, without mixture with artificial soil.

This test may be applied in the evaluation of ecological
risk to verify the degree of harm to the organisms that represent
the affected ecosystem and their capacity of finding conditions
of settling down again in an area affected by chemical
contamination, as well as in the evaluation of the capacity of
ecological recovery of an area, after a remediation process.
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ABSTRACT

Cristais River, located in the metropolitan region of Sido Paulo city, is used as source of drinking water and mutagenic
activity was observed in the extracts obtained from its waters. This effect was associated to a discharge of a textile dye
processing plant that contains, among other mutagenic compounds, the dyes C.I. Disperse Blue 373, C.I. Disperse Vio-
let 93 and C.I. Disperse Orange 37. The objective of this work was to assess the mutagenic activity using the blue rayon
hanging technique (BR)/Salmonella microsome assay and the Tradescantia-MCN mutagenicity test exposed in the field
for 24 hours before and after the discharge of the cited industrial effluent. The BR/Salmonella microsome assay showed
to be sensitive to detect the mutagenicity, after the textile dye processing plant discharge. The Trad-MCN assay, using
plant cuttings exposed directly in the river showed an increased response after the industrial discharge. Due to its sim-
plicity and low cost, the Trad-MCN assay seems to be a good alternative for screening surface waters for mutagenic activity.
Both techniques have the advantage of better represent the environmental conditions because the extraction/exposure is
performed in the field during 24 hours.

Key words: Azo dyes, blue rayon, Salmonella/microsome assay, textile effluent, Tradescantia micronuclei.

Abbreviations: BR — blue rayon; BDCP — Black Dye Commercial Product; DWTP — drinking water treatment plant; MCN —
micronuclei; TLC — thin layer chromatography.

RESUMO

Avaliacdo da atividade mutagénica do Ribeirdo dos Cristais, Sdo Paulo, Brazil, usando o blue rayon/
Salmonella microssoma e o teste de microntcleos com Tradescantia pallida

O ribeirdo dos Cristais, localizado na regido metropolitana de Sdo Paulo, vem sendo utilizado para produgdo de agua para
abastecimento publico apos tratamento. Atividade mutagénica foi detectada em extratos organicos de aguas coletadas apos
o langamento de efluentes de uma industria de tingimento de tecidos. Os corantes mutagénicos C.I. Disperse Blue 373,
C.I. Disperse Violet 93 ¢ C.I. Disperse Orange 37 foram detectados nesses extratos juntamente com outros compostos
mutagénicos. O objetivo deste trabalho foi avaliar a atividade mutagénica dessas aguas através da extragdo com blue rayon
in situ (BR)/teste Salmonella microssoma e o teste Trad-MCN utilizando plantas expostas no corpo d’agua antes e depois
do lancamento. O teste BR/teste Sa/monella microssoma se mostrou sensivel na detec¢do de mutagenicidade apos o
langamento do efluente industrial. A incidéncia de micronucleos foi maior nas plantas expostas apos o langamento. Gragas
a sua simplicidade e baixo custo, o teste Trad-MCN com plantas expostas no corpo d’agua parece ser uma alternativa
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viavel para triagem de atividade mutagénica em aguas superficiais. Ambas as técnicas tém como vantagem melhor representar
as condi¢des de campo, pois a extragdo/exposi¢do ¢ feita por periodos continuos de 24 horas.

Palavras-chave: corantes azoicos, blue rayon, teste Salmonella/mocrossoma, efluentes téxteis, teste de micronticleos Tradescantia.

INTRODUCTION

Numerous chemicals derived from industrial, domestic
and agricultural sources are released directly into surface waters.
Surface runoff and atmospheric deposition also contribute to
aquatic pollution. In many cases, these polluted waters are source
for drinking water use or are employed directly for agricultural
or industrial purposes. Among the organic contaminants present
in the aquatic environment, mutagenic compounds have important
consequences both for humans in terms of the safety of the
drinking water supply and recreation activities as well for the
ecological integrity of aquatic organisms (Ohe ef al., 1999).

Cristais River, located in the metropolitan region of Sao
Paulo city, Brazil, is used as source of drinking water for ~
60,000 inhabitants, and mutagenic activity was observed in
the extracts obtained from its waters (Umbuzeiro ef al., 2004a).
Kummrow et al. (2003) using the Salmonella/microssome assay
and two different extraction techniques (XAD4 and blue rayon
in columns), detected mutagenic activity in raw and treated
water collected from the Cristais River. Umbuzeiro et al. (2004a)
observed elevated mutagenic responses observed with the
Salmonella strains YG1041 and YG1042 in relation to TA98
and TA100 respectively. Those results suggested that polycyclic
aromatic compounds from the nitroaromatics class and/or
aromatic amines were responsible for the observed effect. Using
thin layer chromatography, Umbuzeiro et al. (2005a) detected
three prevalent mutagenic dyes in the raw water samples: C.1I.
Disperse Blue 373, C.I. Disperse Violet 93 and C.I. Disperse
Orange 37. They also found that a textile dye processing plant
effluent was responsible for the mutagenic activity as well as
for the presence of the cited dyes in the Cristais River waters.
This effluent showed positive responses when tested in laboratory
conditions using the Tradescantia-micronucleus assay (Trad-
MCN) (Lobo et al., 2004).* Recently this effluent was chemically
characterized by Oliveira et al. (2007) and the contribution of
the azo dyes in the mutagenic activity was determined.

Testing water samples in mutagenicity tests usually require
the collection of several liters of water and their transportation
to the laboratory, which can lead to the alteration of the physical
and chemical properties of the sample. Another difficulty is
that the sample is usually collected at once; therefore variations
of the quality of the water that occur during the day cannot
be well represented. This can be avoided using techniques,
which better represents the field conditions, especially if
performed over a 24 hour-period.

The blue rayon hanging technique (Sakamoto & Hayatsu,
1990) and the blue rayon anchored technique (Kummrow e?
al., 2006) are performed in the field for 24h-periods and when
coupled with the Sa/monella/microssome assay are useful for
the assessment of mutagenic activity related to polycyclic
compounds (Ohe et al., 2004; Kummrow & Umbuzeiro, 2006)
although with relative high cost.

The micronucleus assay is a widely used cytogenetic assay
for detection of chromosomal damage (Ohe et al., 2004). Plant
bioassays are sensitive, simple, have low cost, and have been
used worldwide. The Tradescantia/micronuclei assay is sensitive
to several environmental contaminants (Trad-MCN) (Ma et al.,
1984; Rodrigues et al., 1997; Guimaraes et al., 2000). Ohe e?
al. (2004), in a review about mutagens in surface waters, found
that 37% of the mutagenicity/genotoxicity studies published from
1990 to 2004 were performed using the Sa/monella/microsome
assay. Although 17% used a micronucleus assay (in vivo and
in vitro), only four were performed using the Trad-MCN. This
assay was used in China and Italy to verify genotoxicity in water
sources that were used for drinking water production and
recreation activities (Duan et al., 1999; Monarca et al., 1998;
Jiang et al., 1999; Yang, 1999). In these studies the plant cuttings
were exposed to the water samples in the laboratory.

The objective of this study was to assess the mutagenic
activity using the blue rayon hanging technique coupled with
the Salmonella/microsome assay and the Tradescantia-MCN
with the plant cuttings exposed directly in the Cristais river,
before and after the mutagenic textile dye processing plant
effluent discharge.

MATERIAL AND METHODS

Sampling sites

Three different sites were chosen: Site 1, Cedro Creek,
a tributary of the Cristais River, located in a protected area
and used in this work as a reference site; Site 2, Cristais River,
immediately downstream of the textile dye processing plant
discharge and Site 3, Cristais River, at the DWTP intake (see
Figure 1 for details). The exposures were performed in the
river during 24 hours in July of 2003.

Blue rayon hanging technique and elution procedures
The samplings were performed using the blue rayon

hanging technique. The blue rayon (Sigma-Aldrich) was placed

in three nylon nets (5 g of blue rayon each) and attached to

* LOBO, D. J. A, KUMMROW, F., COIMBRAO, C. A., UMBUZEIRO, G. A. & SALDIVA, P. H. N., 2004, O uso do teste de microntcleo em célula
germinativa de Tradescantia pallida cv. purpurea (TRAD-MCN) in situ na avaliagdo da genotoxicidade de ambientes aquaticos. Anais do VII Congresso

Brasileiro de Ecotoxicologia, 115.
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a floating device (Sakamoto & Hayatsu, 1990) (Figure 2). This
apparatus was immersed in the water for 24 hours. Blue rayon
fibers were previously washed, tested for mutagenic activity
with the strains TA98, TA100, YG1041 and YG1042 and only
when the extracts presented negative results they were used
in the field (Kummrow et al., 2003). After the 24 hour period,
the blue rayon fibers were taken out, transferred to beakers
and transported to the laboratory in boxes protected from the
light. In the laboratory, blue rayon fibers were washed with
ultra-pure water in order to remove the non-adsorbed
compounds and solids. The blue rayon fibers were dried with
clean paper towels and eluted with 200 mL of methanol/
ammonia (50:1 v/v) for each 1 g of blue rayon (Kummrow
et al., 2003). The eluates were reduced to 2-3 mL using a rotary
evaporator, transferred to vials, evaporated to dryness with
a gentle stream of nitrogen and resuspended in dimethylsulfoxide
(DMSO) just before testing in the Salmonella/microsome assay.

Salmonella/microsome microsuspension assay

The blue rayon organic extracts were assayed for
mutagenicity using the Salmonella typhimurium strains TA98
(hisD3052, rfa, Abio, AuvrB, pKM101) (Maron & Ames, 1983),
YG1041 (a derivative of the TA9S, able to produce high levels
of nitroreductase and O-acetyltransferase) (Hagiwara et al.,
1993), TA100 (hisG46, rfa, Abio, AuvrB, pKM101) (Maron
& Ames, 1983) and YG1042 (a derivative of the TA100, able
to produce high levels of nitroreductase and O-acetyltransferase)
(Hagiwara et al., 1993) with and without S9 metabolic
activation, in a microsuspension assay (Kado et al., 1983).
Overnight cultures of strains (around 10° cells mL™") 5-fold
concentrated by centrifugation (10,000 g at 4°C, for 10 min)
were resuspended into 0.015 M sodium phosphate buffer. 50
UL of cell suspension, 50 uL of 0.015 M sodium phosphate
buffer or S9 mix, and 5 UL of the sample were added to a tube
and incubated at 37°C for 90 min without shaking. After
incubation, 2 mL of molten agar was added, and the mixture
was poured onto a minimal agar plate. Colonies were counted
after 66 h of incubation at 37°C using an automatic colony
counter. The metabolic activation was provided by Aroclor
1254 induced Sprague Dawley rat liver S9 mix (MolTox, Boone,
NC), which was prepared at a concentration of 4 % v/v. For
TA98 and TA100, the positive controls were 0.125 Lg/plate
of 4-nitroquinoline-oxide (4NQO) (Acros), and 0.625 pg/plate
of 2-aminoanthracene (2AA) (Sigma-Aldrich), both dissolved
in dimethylsulfoxide (DMSO). For YG1041 the positive controls
were 10 pg/plate of 4-nitro-O-phenylenediamine (4NOP) (ICN
Biomedicals Inc), and 0.0312 pg/plate of 2AA. For YG1042
the positive controls were 5 [g/plate of 2-Nitrofluorene (2NF)
(Aldrich), and 0.625 pg/plate of 2AA. All positive controls were
dissolved in DMSQO. The doses of the blue rayon extract tested
were 25, 50, 100, 200 and 400 mg per plate and two plates of
each dose were tested. For the negative control, five replicates
were employed. The mutagenic ratio (MR) was calculated,
dividing the mean of revertants per plate obtained for each dose
by the mean of revertants obtained for the negative control.
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Micronuclei in Tradescantia assay - Trad-MCN

Cuttings of twenty plants of Tradescantia pallida (Rose)
Hunt. cv. Purpurea Boom (Suyama ef al., 2002) that were
cultivated in the garden of the University of Sdo Paulo were
exposed directly in the river for 24 hours (Figure 2). In this case,
the experiment was performed only at the reference site, Cedro
Creek (site 1), and at the intake of the Cristais River DWTP
(site 3), ~ 6 km after the textile dye processing plant discharge.
After exposure, the plant cuttings were taken to the laboratory
and the young inflorescences were collected and immediately
fixed in 1:3 acetic acid/ethanol solution for at least for 24 h.
The inflorescences were dissected and early tetrads of the meiotic
microspore mother cells were squashed in aceto-carmine stain
on a microslide (Ma, 1981). Only preparations containing early
tetrads were used. Scoring was performed by counting, under
400 x magnification, the number of micronuclei present in a
random set of 300 early tetrads per inflorescence. Slides were
coded before scoring.

Statistical analysis

For the Salmonella/microsome assay, the data were
analyzed with the Salanal computer program using the Bernstein
model (Bernstein ef al., 1982). Samples were considered positive
when a significant difference among the tested doses and the
negative control; a significant positive dose response were
observed and additionally if at least in one dose the mutagenic
ratio (MR) were greater than 2. If the mutagenic ratio was less
than two the response was considered as marginal (Umbuzeiro
et al., 2004b).

For the Trad-MNC assay the data were analyzed using
the non-parametric ANOVA Ranks-Kruskal-Wallis.

RESULTS AND DISCUSSION

At Cedro Creek (site 1, Figure 1) no mutagenic activity
was detected using the blue rayon hanging technique/Salmonella
microsome assay for the strains TA98, TA100 and YG1042
(Table 1a and b). For the YG1041 a marginal (-S9) and positive
(+S9) were observed with low mutagenic levels (Table 1a).
After the discharge of the textile azo dye processing plant (site
2, Figure 1) positive results were detected with TA98 and
YG1041 with and without S9, with higher mutagenic levels
for YG1041 in the presence of S9 (49,000 rev./g BR) (Table
2a). This effect is probably related to the presence of polycyclic
compounds because blue rayon fibers are selective to this type
of molecules (Hayatsu, 1992) that are activated with S9. Because
the mutagenic activity with the YG1041 increased 70 times
and 15 times respectively with and without S9, in relation to
the response with the TA98 strain, it is possible to suggest that
the mutagens belong to the class of the nitroaromatics and/
or the aromatic amines. The YG1041 strain produces much
higher amounts of nitroreductase and O-acetyltransferase than
TA9S, which are very important enzymes in the activation of
those types of compounds (Hagiwara et al., 1993;Umbuzeiro
et al., 2005b). For TA100 and YG1042 no mutagenic activity
was detected at site 2 (Table 2b).
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Figure 1 — Map and diagram showing the location of the collection sites: site 1, Cedro Creek, reference site; site 2, after the textile azo dye
processing plant discharge; and site 3, at the Drinking Water Treatment Plant in the Cristais River area.

Table 1a — Results of the Sa/monella/microsome microsuspension assay for the blue rayon (BR) extract for site 1 —
Cedro Creek (reference site) for TA98 and YG1041 in the presence and absence of S9.

Doses Mean of Number of Revertants/plate, Standard Deviation (SD), and Mutagenic Ratio (MR)
TA98 YG1041
m%Bbll(‘;fp:;‘tye"“ —S9 +S9 -S9 +59
Mean SD MR Mean SD MR Mean SD MR Mean SD MR
Negative control 262 44 253 4.7 83.0 3.8 80.2 8.7
25 240 28 09 220 0.0 0.9 96.5 2.1%* 1.2 830 28 1.0
50 235 50 09 305 64 1.2 109.0 9.9% 1.3 86.0 2.8 1.1
100 240 57 09 260 4.2 1.0 100.0 2.8%* 1.2 950 99 1.2
200 180 42 07 240 7.1 0.9 1180 2.48** 14 1275 3.5 1.6
400 275 50 10 360 7.1 1.4 129.5 6.4** 1.6 1750 5.7 2.2
Positive control® 102.5 275.0 830.0 820.0
Result® negative negative marginal positive
Potency (rev./g BR) = - ok 470%%%

*: significant at 5% (ANOVA); **: significant at 1% (ANOVA); ***: significant at 1% (positive dose response).
a: see material and methods for positive controls/doses. b: see material and methods for positive criteria. ¢: potency not calculated.
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Table 1b — Results of the Salmonella/microsome microsuspension assay for the blue rayon (BR)
extract for site 1 - Cedro Creek (reference site) for TA100 and YG1042 in the presence and absence of S9.

Doses Mean of Number of Revertants/plate, Standard Deviation (SD), and Mutagenic Ratio (MR)
TA100 YG1042
m%Bbl;‘;fp;:tYeO“ -S9 +S9 -S9 +89
Mean SD MR Mean SD MR Mean SD MR Mean SD MR
Negative control 84.6 7.1 832 84 73.4 5.7 78.6 4.9
25 745 21 09 865 9.2 1.0 69.5 2.1 09 510 00 0.6
50 795 78 09 805 92 1.0 72.5 6.4 1.0 57.0 7.1 0.7
100 740 14 09 795 07 1.0 74.5 1344 1.0 8.0 0.0 1.1
200 745 50 09 845 50 1.0 65.5 6.4 09 720 127 09
400 880 00 1.0 845 92 1.0 69.0 2.8 09 660 &85 0.8
Positive control® 570.0 770.0 221.0 820.0
Result” negative negative negative negative
Potency (rev./g BR) - - - -

a: see material and methods for positive controls/doses. b: see material and methods for positive criteria. c: potency not calculated.

Thin layer chromatography (TLC) was performed in the
blue rayon extracts using the method described by Umbuzeiro
et al. (2005a). At sites 2 and 3, the mutagenic dyes: Disperse
Blue 373, Disperse Violet 93 and Disperse Orange 37 were
detected among other unknown colored compounds (data not
shown). The mutagenic profile of the blue rayon extract obtained
from site 2 is similar to the one obtained for cited dyes
(Umbuzeiro et al., 2005a). It is possible that those dyes are
contributing to the mutagenic activity detected at site 2.
Compounds like the PBTAs, that are mutagenic benzotriazoles
derived from the reduction/chlorination of the same type of
the cited dyes, could also be contributing to the observed
mutagenic activity. They are efficiently extracted by blue rayon
and were found in several Japanese rivers (Ohe ef al., 2004;
Watanabe et al., 2005).

Downstream of the textile dye processing plant effluent
discharge, at the DWTP intake (site 3, Figure 1), the blue rayon
extracts also showed mutagenic activity with TA98 and YG1041
with and without S9, with an increased response for the YG1041
strain (30,000 rev./g of BR) (Table 3a). Comparing sites 2 and
3, waters from site 3 showed an increase in the mutagenic
response without S9 in relation to site 2, for TA98 of 7.5 times
and for YG1041, 3 times. In the presence of S9, the mutagenicity
decreased, for TA98, in 11 times and for YG1041, in 1.6 times.
It is possible to suggest that transformations occurred along
the river, probably oxidation processes (e.g. photoxidation
reactions) transforming indirect mutagens into other chemical
species, such as hydroxyamines, that could be acetylated by
the O-acetyltransferase of the Sa/monella strains, causing the

observed increase in the mutagenicity without S9. Besides the
Disperse Blue 373, Disperse Violet 93 and Disperse Orange
37, the PBTAs and other transformation products could be
responsible for the mutagenic activity detected at site 3. At
this site marginal responses were observed for TA100 and
YG1042 at site 3 (Table 3b) indicating again a modification
of the mutagenic activity along the river.

For the Trad-MNC assay, 12 plant cuttings exposed at
site 1 — Cedro Creek and 9 from site 3 were scored for
micronuclei. A number of 300 early tetrads were scored from
each plant with some exceptions (Table 4) but a minimum of
5 plants and 1500 tetrads per site were analyzed, according
to the recommendations of Rodrigues (1999). The micronuclei
frequency obtained for each plant is presented in Table 4. Plant
cuttings exposed at site 1 (reference site) presented a mean
of micronuclei percentage of 1.87 (N = 12) with a standard
deviation of 1.34. For site 3 (Cristais River at the intake of
the DWTP), the mean of micronuclei percentage was 6.22
(N =9), with a standard deviation of 2.89. The values were
statistically different with a p < 0.05 (Figure 3); therefore, water
collected at site 3 induced more micronuclei in the plants
exposed for 24 hours in comparison to the plants from site
1. We were not able to run a positive control in field conditions,
but several other experiments have been performed exposing
plant cuttings to formaldehyde at 0.1% in the laboratory and
positive responses were obtained (data not shown). The fact
that the DWTP source water (site 3) presented mutagenic
response with a higher plant, besides bacteria, increases the
level of concern related to its quality.
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Table 2a — Results of the Salmonella/microsome microsuspension assay for the blue rayon (BR) extract for site 2 — Cristais River immediately
downstream the textile dye processing plant discharge. For TA98 and Y G1041 in the presence and absence of S9.

Doses Mean of Number of Revertants/plate, Standard Deviation (SD), and M utagenic Ratio (MR)
o TA98 YG1041
m?B R‘;/epj on -9 +S9 —9 +S9
Mean SD MR Mean SD MR  Mean SD MR Mean SD MR
Negative control 262 44 25.3 4.7 83.0 3.8 80.2 8.7
25 250 28 10 745 35** 29 103.0 85* 12 11000 70.7** 137
50 35 07+ 14 960 26.9* 3.8 1555 148> 19 13700 17.9** 171
100 350 28 14 810 198* 3.2 2600 17.0** 31 1,076.0 43.8** 134
200 35 64 14 580 1.4** 2.3 3455 276** 41 10850 77.9** 135
400 405 35¢ 15 520 1.4** 2.1 550.0 21.2** 6.6 9030 516** 113
Positive control® 1025 275.0 830.0 820.0
Result marginal positive positive positive
Potency (rev./g BR) 38+ ** 1,600%** 2,900*** 49,000* **

*: significant at 5% (ANOVA); **: significant at 1% (ANOVA); ***: significant at 1% (positive dose response).
a see materid and methods for positive controls/doses. b: see material and methods for positive criteria.

Table 2b — Results of the Salmonella/microsome microsuspension assay for the blue rayon (BR) extract for site 2 — Cristais River immediately
downstream the textile dye processing plant discharge for TA100 and Y G1042 in the presence and absence of S9.

Doses M ean of Number of Revertants/plate, Standard Deviation (SD), and M utagenic Ratio (MR)
b TA100 Y G1042
m‘(-:’B RL)’HZ{Q” _S9 +59 —s9 +59
Mean SD MR Mean SD MR Mean SD MR Mean SD MR
Negative control 846 7.1 832 84 734 57 786 49
25 775 07 09 865 92 1.0 595 35 08 780 42 1.0
50 780 00 09 805 92 1.0 620 85 08 810 00 1.0
100 785 21 09 795 07 1.0 7120 14 10 760 85 1.0
200 750 71 09 845 50 1.0 735 00 10 810 42 1.0
400 735 21 09 845 92 1.0 785 50 11 765 64 1.0
Positive control® 570.0 770.0 221.0 813.0
Result” negative negative negative negative
Potency (rev./g BR) = - - -

a see Material and Methods for positive controls/doses. b: see material and methods for positive criteria. ¢: potency not calculaed

The blue rayon/Salmonella microsome assay seems to
be very sensitive to the mutagens present in the Cristais River
waters and the results obtained have the advantage of
indicating the type of mutagens present in the water, especially
when different strains are used.

This is particularly important when multiple sources
of mutagens are present and the genotoxic source must be
identified. The results of the Trad-MCN assay were in
agreement with the qualitative results observed for the BR
hanging technique/Salmonella assay. Due to its simplicity
and low cost, the Trad-MCN assay seems to be a good

alternative for screening river water for mutagenic activity,
but because only one experiment was performed, more studies
are needed to determine its efficiency.

Results of this study are in agreement with the data
obtained for the same assays performed in the laboratory using
the same water samples, with the advantage of not requiring
the collection of several liters of water and their transportation
to the laboratory. The 24-hour period field extraction/exposure
procedures used in this work seem to be a good alternative
for monitoring water for mutagenic activity because they can
better represent the environmental conditions.



Mutagenic Activity Assessment of Cristais River...

I

I T

-l

J. Braz. Soc. Ecotoxicol., v.2,n. 2,2007

Figure 2 — Scheme of the nylon nets containing the blue rayon fibers (a) and the

apparatus with Tradescantia pallida cuttings (b) exposed in the river water for 24 hours.

Figure 3 — Box plot graph of the incidence o micronuclei in plants exposed at site 1 —
Cedro Creek and site 3 — Cristais River at the drinking water treatment plant intake.
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Table 3a — Results of the Sa/monella/microsome microsuspension assay for the blue rayon (BR) extract for site 3 — Cristais River at the drinking

water treatment plant intake for TA98 and YG1041 in the presence and absence of S9.

Doses Mean of Number of Revertants/plate, Standard Deviation (SD), and Mutagenic Ratio (MR)
TA98 YG1041
m%Bbl'{‘;/ep;:ty:" -S9 +89 -S9 +S9
Mean SD MR Mean SD MR Mean SD MR  Mean SD MR
Negative control 25.2 2.3 29.2 2.3 140.8 5.7 115.6 11.0
25 30.5 35 1.2 370 1.4* 1.3 182.0 17.0* 1.3 716.0 5.7%% 6.2
50 34.0 4.2 1.3 38.0 0.0 1.3 283.5 7.8%% 2.0 905.0 91.9** 178
100 62.0 7.1*%% 25 405 5.0% 1.4 485.0 44.3** 34 935.0  354** 8.1
200 123.5 14.9%% 49  63.0 42%* 2.2 1,068.0 14.1** 7.6 1,163.0 65.0%* 10.1
400 126.5 92** 50 835 2.1%** 2.9 1,410.0 283** 10.0 13075 2.1** 113
Positive control® 450.0 298.0 662.0 1,356.0
Result® positive positive positive positive
Potency (rev./g BR) 300%** 140%** 7,800%** 30,000%**

*: significant at 5% (ANOVA); **: significant at 1% (ANOVA); ***: significant at 1% (positive dose response).
a: see material and methods for positive controls/doses. b: see material and methods for positive criteria.
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Table 3b — Results of the Salmonella/microsome microsuspension assay for the blue rayon (BR) extract for site 3 —
Cristais River at the drinking water treatment plant intake for TA100 and Y G1042 in the presence and absence of S9.

Doses M ean of Number of Revertants/plate, Standard Deviation (SD), and M utagenic Ratio (MR)
I TA100 YG1042
T s ayon 0 +0 = +59
Mean SD MR Mean SD MR M ean SD MR Mean SD MR
Negative control 111.2 41 109.4 10.6 78.2 6.1 924 110
25 1045 134 09 1575 219 14 81.0 85 10 9%0 28 10
50 1060 14 09 1430 14 13 80.5 5.0 10 745 64 08
100 1225 50 11 1465 6.4* 13 80.0 0.0 10 1000 28 11
200 1300 226 12 1565 233 14 1015 50** 13 1000 42 11
400 1160 156 10 1780 85** 16 1030 42** 13 835 134 10
Positive control 2 1,796.0 1,349.0 311.0 1,273.0
Result® negative marginal marginal negative
Potency (rev./g BR) = 410%** 160%** -

*: significant at 5% (ANOVA); **: significant at 1% (ANOVA). ***: significant at 2% (positive dose response) ; ****: significant at 1%
(positive dose response).
a see materia and methods for positive controls/doses. b: see material and methods for positive criteria. c: potency not cal cul ated.

Table 4 — Number of plant cuttings analyzed and the frequency of micronuclei obtained for each site 1 and 3.

CristaisRiver site  Number of tetradsscored  Number of micronuclei Per centage of micronuclei
1 303 3 0.99
103 3 291
101 1 0.99
100 5 5.00
300 2 0.67
300 6 2.00
300 4 1.33
300 3 1.00
300 11 3.67
200 3 1.50
300 2 0.67
300 5 1.67
Sum= 2,907, N= 12 Sum= 48 Average= 1.87%, D* = 1.34
3 129 3 2.33
203 24 11.8
189 15 7.94
134 12 8.96
300 14 4.67
200 8 4.00
244 13 5.33
106 6 5.66
244 13 5.33
Sum= 1,749, N=9 Sum = 108 Average= 6.22%, SD = 2.89

*SD = standard deviation.
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RESUMO

O bioensaio Trad-SH, desenvolvido com o clone KU-20 de Tradescantia, tem-se mostrado um excelente bioindicador
da qualidade do ar. Portanto, este trabalho teve por objetivo monitorar, através do bioensaio Trad-SH, o potencial mutagénico
dos poluentes provenientes da queima de incensos em ambiente fechado (indoor). Nos experimentos, as inflorescéncias
do clone KU-20 foram expostas por 2, 4 e 6 horas aos gases provenientes da queima dos incensos (tipo 1 e 2), em uma
sala fechada com um volume de 25,83 m? Para avaliar o efeito mutagénico foi realizada uma comparagio entre as
inflorescéncias ndo expostas aos gases poluentes (grupo 1, controle) e as inflorescéncias expostas por 2, 4 e 6 horas (grupos
2, 3 e 4, respectivamente). Andlises estatisticas mostraram que a freqiiéncia média das mutagdes no grupo 1 foi
significativamente mais baixa do que aquela dos grupos 2, 3 e 4. Por sua vez, ndo houve diferencas significativas nas
freqiiéncias de mutacdes entre os grupos 3 e 4. Porém, a freqiiéncia de mutagdes nas inflorescéncias expostas aos poluentes
provenientes da queima do incenso tipo 1 foi maior do que as do tipo 2. Os resultados indicam que o bioensaio é uma
ferramenta eficaz para o monitoramento da qualidade do ar em ambientes fechados.

Palavras-chave: biomonitoramento indoor, bioensaio Trad-SH, mutagenicidade, polui¢do atmosférica.

ABSTRACT

Indoor biomonitoring of mutagenic potential of air pollutants from
emission incense using the Tradescantia stamen hair assay (Trad-SH)

The Trad-SH has been successfully employed to qualify the environment air, which is contaminated by mutagens. So, this
work is aimed at evaluating the mutagenic potential of the emission from the incense indoor. Experimentally, the inflores-
cence of the KU-20 clones was kept for 2, 4 and 6 hours the emission from the incenses (kind 1 and 2) in a closed room
of 25.83 m? of volume. The mutagenic effects of the atmosphere were analyzed by comparing a group of non-exposed in-
florescence —control-(group one) to inflorescences kept under polluted atmospheres, in a closed room, for 2, 4 and 6 hours
(groups two, three and four). The experimental data were analyzed using statistical methods. The frequency of mutations
observed in the inflorescences from group one was significantly lower than that exhibited by the groups two, three and four.
The results suggest that the emission from the incense plays an important role in the development of plants mutation and
that theTrad-SH assay is a useful tool for routine indoor biomonitoring in environments where chemical substances are used.

Key words: air pollution, indoor biomonitoring, mutagenicity, Trad-SH bioassay.

*Corresponding author: Deuzuita S. Oliveira, e-mail: deuzuita@sc.usp.br.

173



174  J. Braz. Soc. Ecotoxicol., v. 2, n. 2, 2007

INTRODUCAO

A poluigdo atmosférica vem causando prejuizos cada vez
maiores a saude da populag@o. Dentre as varias fontes de
poluentes em ambientes fechados (indoor), a queima de incenso
tem sido foco de estudos. Esta é uma pratica comum em muitos
lares ha séculos, tanto por razdes cerimoniais como simples-
mente para aromatizar o ambiente. Com o aumento da
consciéncia em relago a satide, as pessoas estdo atentas para
os problemas causados pela queima do incenso em ambientes
fechados e em ambientes publicos. O incenso ¢ uma fonte
significativa de hidrocarbonetos policiclicos aromatico (HPAs),
monoxido de carbono (CO), benzeno, isopreno e material
particulado (MP) (Fan & Zhang, 2001), constituindo-se assim
em fonte de poluigdo atmosférica.

A poluicdo atmosférica tem sido associada aos efeitos
adversos a saude, tanto em termos de mortalidade (Saldiva
et al., 1994; Saldiva et al., 1995) como morbidade. Os poluentes
podem potencialmente provocar efeitos genotdxicos, ou seja,
induzir altera¢des no material genético de organismos a eles
expostos, entre as quais quebras e aberragdes cromossomicas
e mutagdes (Ma et al., 1983; Rodrigues ef al., 1997; Batalha
et al., 1999; Guimaries et al., 2000).

Estudos sobre a polui¢do indoor em residéncia onde ha
queima de incenso mostram que os niveis de poluentes excedem
os padrdes de qualidade do ar para ambientes fechados,
causando efeitos adversos a saude publica.

Medidas fisico-quimicas podem gerar dados sobre a
qualidade do ar, dos niveis de poluigdo, mas ndo podem prever
0s riscos aos quais os seres vivos estdo expostos.

O acompanhamento de reagdes mostradas por determi-
nados seres vivos na presenca de poluentes atmosféricos,
metodologia denominada biomonitoramento, tem sido uma
ferramenta 1til e importante no fornecimento de informagdes
rapidas e seguras quanto aos efeitos antropogénicos no meio
ambiente e, ainda, para prever os riscos de danos aos
ecossistemas naturais e a saude dos seres vivos expostos aos
poluentes. Além disso, estes organismos bioindicadores reagem
aos poluentes ¢ a outros fatores ambientais de maneira integrada,
tornando a medida da qualidade do ar mais realista sob o ponto
de vista bioldgico (Flores, 1987; Arndt & Schweiger, 1991).

Algumas plantas do género Tradescantia sdo reconhecidas
como excelentes indicadoras dos efeitos citogenéticos e
mutagénicos, podendo ser usadas tanto em ambientes fechados
(indoor) quanto abertos Grant (1999). Alguns bioensaios, como
o Trad-SH, desenvolvido por Arnold H. S. Sparroow de acordo
com Ma (1994), ¢ excelente para testar e monitorar o grau
de toxicidade de agentes genotoxicos presentes no ambiente.
Apresentam grande sensibilidade, podendo detectar tais agentes
em baixas concentracdes.

Este bioensaio detecta muta¢des com base na mudanga
de pigmentacdo de azul (dominante) para rosa (recessivo),
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pois as células dos pélos estaminais sdo heterozigoticas para
a cor, tornando possivel detectar mutagdes com base na
mudanca de pigmentac@o de azul para rosa. A célula mutante
rosa pode continuar a se dividir, dando origem a uma série
de células contiguas de cor rosa, sendo esse um unico evento
de mutagdo. Duas células mutantes separadas por células azuis
sdo consideradas como dois eventos de mutagdo. O aumento
na freqiiéncia de mutagdes nos pélos estaminais acima do
valor de mutago espontinea €, portanto, um indicativo seguro
de que as inflorescéncias estiveram em contato com agentes
mutagénicos. O bioensaio ¢ realizado através da exposicao
de inflorescéncias jovens aos agentes mutagénicos.

Aplicando o bioensaio Trad-SH, Oliveira (2005) detectou
aumento significativo nas muta¢des de inflorescéncias do clone
KU-20 de Tradescantia exposta a doses agudas de poluentes
provenientes da exaustdo do motor diesel. Sant’ Anna (2003)
mostrou que o bioensaio Trad-SH ¢ adequado para o biomonito-
ramento intensivo e de curta duragio do potencial mutagénico
de poluentes urbanos em locais poluidos da cidade de S&o Paulo.
Esse bioensaio pode ser usado nfio somente para monitoramento
intensivo de curta durag@o, mas também para amostragens de
longa durago, como fizeram Ferreira et al. (2000).

Alves et al. (2003), aplicando o bioensaio Trad-MCN
(contagem de mutagdes — microntcleos — em células-mae do
grdo de pdlen), detectaram aumento na freqiiéncia de
micronucleos em Tradescantia pallida “purpurea” exposta ao
ar ambiente de herbario de faner6gamas, onde o naftaleno é
empregado como inseticida.

Os resultados acima mencionados indicam que os ensaios
com plantas do género Tradescantia podem ser utilizados para
caracterizar o potencial mutagénico dos contaminantes, tanto
in vitro quanto in situ. O bioensaio Trad-SH com flores do
clone KU-20 de Tradescantia é mais eficiente que o ensaio
Trad-MCN com inflorescéncias de 7. pallida “purpurea” em
biomonitoramento de curta durag¢do do potencial mutagénico
de poluentes (Sant’Anna, 2003). O uso desse bioensaio ¢é
eficiente para monitorar o potencial mutagénico de substancias
quimicas ou de poluentes aéreos e para avaliar a qualidade
do ar em ambientes fechados. Pode ser usado como indicador
da qualidade do ar, auxiliando na criagdo de normas de
seguranga que minimizam a contaminagdo ambiental.

Esses estudos abrem novos horizontes de pesquisa na
area ambiental e na medicina do trabalho, pois os bioensaios
com plantas sfo, em geral, mais sensiveis do que a maioria
dos outros sistemas de avaliacdo da qualidade do ar (EPA,
1980). Dentre as principais caracteristicas que fazem com
que as espécies vegetais sejam bons bioindicadores, podem-
se destacar a capacidade de responder aos estimulos ambientais
rapidamente, a facilidade de cultivo e o baixo custo. O clone
KU-20 ¢, portanto, um bioindicador eficiente e versatil que
pode ser usado para biomonitoramento tanto em ambientes
abertos como em ambientes fechados (indoor).
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Diante desse cenario, o presente estudo teve por objetivo
monitorar, atraveés do bioensaio Trad-SH com flores do clone
KU-20 de Tradescantia, o potencial mutagénico dos poluentes
presentes na queima de incensos em ambiente fechado (indoor).

MATERIAIS E METODOS

Este trabalho foi realizado no Nucleo de Engenharia
Térmica e Fluidos (NETeF) da EESC-USP, em Sao Carlos.
O local de estudo foi uma sala com as dimensdes de 2,70 m
de comprimento por 3,38 m de largura e 2,83 m de altura. O
biomonitoramento indoor foi realizado diariamente por 2, 4
e 6 horas (grupos: 2, 3 e 4, respectivamente), no periodo de
15 de junho a 15 de julho de 2005. Para a realizagdo dos
experimentos foram utilizados dois tipos de incensos,
classificados como tipo 1 e tipo 2. O incenso tipo 1 possui
a seguinte composicao: esséncias, resinas aromaticas, carvao
vegetal, madeira, corante vermelho e altura CI 16035. O incenso
tipo 2: carvdo, p6 de madeira, fragrancia e palito de bambu.

Para a realizacdo do bioensaio Trad-SH, as primeiras
mudas do Clone KU-20 foram cedidas pela Faculdade de
Medicina da USP, SP, as quais foram cultivadas nos canteiros
do NETeF da EESC. As inflorescéncias com pedunculo entre
10 e 15 cm foram coletadas no periodo matutino, colocadas
em béqueres com agua, armazenadas e mantidas na referida
sala com incenso queimando.

Para comparar o aumento da freqiiéncia de mutacdes nas
inflorescéncias avaliou-se também o grupo controle (grupo
1). Esse grupo foi mantido em outra sala, com as mesmas
dimensdes, porém isenta de poluentes provenientes da queima
de incenso.

Apbs as respectivas exposicdes dos grupos 1, 2, 3 ¢ 4,
as inflorescéncias foram retiradas das salas e mantidas em
béqueres com agua, sob um sistema de aerag@o, por aproxi-
madamente trés dias. Durante esse periodo, diariamente, a
medida que as flores se abriam, estas eram coletadas e analisadas
quanto ao numero de eventos de mutagio nos pélos estaminais.
As coletas e analises foram realizadas no periodo matutino,
quando as flores estavam abertas.

Para realizar a leitura ao microscopio foi utilizado o
seguinte procedimento: primeiramente, os seis estames de cada
flor foram colocados lado a lado sobre uma ldmina e pds-se
sobre cada estame uma gota de agua. Em seguida, os pélos
estaminais foram alinhados manualmente com uma pinga de
modo a facilitar sua visualizagdo. Apds este procedimento,
os pélos estaminais foram observados sob microscopio
estereoscopico marca ZEISS, modelo Stemi 2000-C, acoplado
a cAmara AxioCam marca ZEISS, modelo MRRC. Estimou-
se o numero médio de pélos estaminais para cada flor, partindo
da contagem do numero de pélos em dois estames, sendo um
de pétala e um de sépala. Em seqiiéncia, foi realizada a
contagem do numero de eventos de mutagdo em todos os
estames. Cada evento mutagénico foi caracterizado por uma
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célula ou um grupo de células de cor rosa entre as normais
de cor roxa, conforme descrito por Ma et al. (1994). Apds a
contagem, foi realizada uma estimativa do numero de eventos
de mutac@o por 1.000 pélos estaminais. Todo esse procedimento,
desde a exposicdo até a contagem de mutagdes em pélos
estaminais de Tradescantia, é referido, comumente, na literatura
como bioensaio Trad-SH.

Anadlise estatistica

Todos os dados obtidos neste estudo foram transformados
em log 10, uma vez que os mesmos néo tinham distribui¢ao
normal e/ou igualdade de variancia. Em seguida foi realizada
uma analise de variancia paramétrica (teste F) com os dados
transformados. Como a analise indicou diferenca nos
tratamentos, foi realizado teste de comparagdes multiplas de
Student-Newman-Keuls para localizé-las entre os tratamentos.
O nivel de significancia foi ajustado em 5%.

RESULTADOS

A analise descritiva dos valores de mutago encontrados
nos experimentos de exposicdo das inflorescéncias do clone
KU-20 de Tradescantia aos gases provenientes da queima de
incenso ¢ mostrada na Tabela 1. Na Tabela 2 sio incluidas
as comparagdes das médias, adotando-se um nivel de
significancia de 5%. Os valores médios dos eventos de mutagdes
e os respectivos erros-padrdo observados nos quatro grupos
experimentais também sdo mostrados nas Figuras 1 e 2.

A freqiiéncia média das mutagdes (Figuras 1 e 2) para os
incensos (tipo 1 e tipo 2, respectivamente) observadas no grupo
1 (controle) foi significativamente mais baixa do que aquela
dos grupos 2, 3 e 4. Por sua vez, ndo houve diferencas significa-
tivas nas freqiiéncias de mutagdes entre os grupos 3 (4 horas
de exposi¢do) e 4 (6 horas de exposigdo). Observa-se aumento
percentual nas muta¢des em relacdo ao controle de em torno
de 15%, 20% e 25% para os grupos 2, 3 e 4, respectivamente
(nas inflorescéncias expostas aos poluentes provenientes da
queima do incenso tipo 1), e de 20%, 35% e 45% para os grupos
2, 3 e 4, respectivamente (inflorescéncias expostas aos poluentes
provenientes da queima do incenso tipo 2).

DISCUSSAO

Os resultados dos bioensaios mostraram que a exposi¢ao
por um periodo de 2 horas a queima de ambos os incensos
ja é suficiente para aumentar significativamente a atividade
mutagénica em inflorescéncias do clone KU-20. Entretanto,
para uma exposicdo de 6 horas os resultados apontaram que
ndo ha aumento adicional de mutagénese em comparagdo com
o encontrado na exposi¢do por 4 horas. As inflorescéncias
expostas aos poluentes provenientes do incenso tipo 2
apresentaram freqiiéncia de mutacio maior que aquelas expostas
aos poluentes provenientes do incenso tipo 1.
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Tabela 1 — Analise descritiva dos valores de mutagdes encontrados nos experimentos de

exposicdo do clone KU-20 de Tradescantia aos poluentes provenientes da queima de incensos (tipo 1 e tipo 2).

Incenso tipo 1

Grupos Numero de flores analisadas Média Desvio-padrio
Controle 35 8,4 3,6
2 horas 31 13,5 6,5
4 horas 33 19.4 9,3
6 horas 34 27,0 14,6
Incenso tipo 2
Grupos Numero de flores analisadas Média Desvio-padrio
Controle 32 8,4 3,6
2 horas 33 20,6 10,3
4 horas 36 33,8 14,9
6 horas 34 45,1 5,1
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Figura 1 — Freqiiéncia de mutagdes nos pélos estaminais do clone KU-20 da Tradescantia causadas pelos
gases provenientes da queima do incenso tipo 1. (Letras diferentes indicam diferengas significativas.)
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Figura 2 — Freqiiéncia de mutagdes nos pélos estaminais do clone KU-20 da Tradescantia causadas por gases
provenientes de queima do incenso tipo 2. (Letras diferentes indicam diferencas significativas.)
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O aumento da freqiiéncia de muta¢des encontradas nos
pélos estaminais do clone KU-20, expostos as emissdes dos
incensos, ocorreu, provavelmente, porque nessas emissdes
encontram-se, entre outros poluentes, hidrocarbonetos policicli-
cos aromaticos (HPAs) no material particulado, com
reconhecida atividade mutagénica e/ou carcinogénica (NRC,
1983). Rovieri ef al. (1998) observaram, em condigdes
experimentais, que alguns tipos de incensos chineses estio
associados com dermatite de contato alérgica e fotossen-
sibilizagdo. Tung et al. (1999), identificaram maior concentragio
(23%) de material particulado (PM10) em casas que queimavam
incenso do que naquelas sem atividades de poluicdo do ar
indoor. Além disso, foi observado que a concentracio de HPAs
indoor geralmente excede a concentracdo de HPAs outdoor
(Li, 1994). A contaminacdo ambiental provocada pelos HPAs
provenientes da queima do incenso e a falta de ventilagao desse
local, provavelmente, induziram o aumento na freqiiéncia de
mutacdes nas inflorescéncias, pois sdo compostos conhecidos
como mutagénicos e carcinogénicos.

Neste trabalho verificou-se que o bioensaio Trad-SH
se mostrou eficiente para o biomonitoramento de contaminagio
indoor dos poluentes provenientes da queima de incenso,
pois provou-se capaz de reconhecer, embora aparentemente
de forma néo linear, os diferentes tempos de exposicdo. Os
resultados obtidos neste trabalho estdo em concordancia com
Ma et al. (1994), que afirmam que os bioensaios nos quais
sdo empregados diferentes clones de Tradescantia nos quais
mostram-se adequados para uma rapida averiguagio do perigo
de substancias mutagénicas aos sistemas bioldgicos, podendo
o agente investigado estar diluido em meio liquido ou
apresentar-se em forma gasosa.

Esses resultados provam que os gases provenientes da
queima de incenso atuam significativamente no desenvolvimento
de mutacdes. Portanto, o uso desse bioensaio ¢ eficiente na
avalia¢@o do potencial mutagénico dos poluentes atmosféricos
aos quais os seres vivos estdo expostos. Embora esses resultados
ndo possam ser diretamente extrapolados para a populacdo
humana, eles sdo indicativos de que, se uma substancia nio
trouxer nenhum prejuizo ao bioindicador, que geralmente é
mais sensivel, também nfo trard nenhum prejuizo ao homem.

Além de esse bioensaio ser um bom detector de poluentes,
pode também avaliar alguns aspectos relativos a qualidade
do ar sem utilizar equipamentos de alto custo, podendo ainda
ser empregado para monitorar areas de grande extensdo.
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ABSTRACT

The aim of this study is to provide technical information concerning water resource protection to enhance environmentally
sound public policy and planning for compatible regional development. We investigated the potential threat linked to ag-
ricultural development, which is the major economic activity directly associated with surface and underground water con-
tamination. A preliminary analysis was carried out on the potential contamination of surface and underground water by the
most commonly used chemical ingredients in the Ribeira de Iguape agricultural basin. In-depth evaluations of several ac-
tive ingredients related to the use of pesticides were appraised by the United States Environmental Protection Agency — USEPA
screening criteria combined with the Groundwater Ubiquity Score (GUS) and a method proposed by Gos (1992). Almost
all the pesticides evaluated contained some environmental mobility, with the exception of terbufos and carbaryl.

Key words: pesticides, leaching, run-off, Ribeira de Iguape.

RESUMO

Risco de contaminacio de agrotoxicos por lixiviacio e aluvido na bacia do rio Ribeira de Iguape, SP, Brasil

Este trabalho tem por objetivo contribuir com informagdes técnicas relativas a prote¢do dos recursos hidricos para auxiliar
na elaboracdo de politicas publicas e de planejamento para o desenvolvimento regional compativel com o meio ambiente.
Neste estudo, investigou-se o risco potencial do desenvolvimento da agricultura, principal atividade econdmica da regido,
a qual esta diretamente associada com a contaminac@o da agua de superficie e subterranea. Realizou-se uma analise preliminar
do potencial de contaminag@o da agua de superficie e subterrdnea pelos ingredientes quimicos mais usados na agricultura
da bacia do rio Ribeira de Iguape. Avaliaram-se diversos ingredientes ativos dos agrotéxicos mais usados na regido, utilizando-
se os critérios de “screening” proposto pela Agéncia de Prote¢gdo Ambiental dos Estados Unidos (USEPA) combinados com
o indice de vulnerabilidade — Groundwater do Ubiquity do Groundwater (GUS) — e um método proposto por Gos (1992).
Quase todos os agrotoxicos avaliados apresentaram alguma mobilidade ambiental, a excegio dos terbufos e do carbaril.

Palavra-chave: agrotoxicos, lixiviacdo, aluvido, Ribeira de Iguape.

INTRODUCTION (Projeto Agua, 2003). Although Brazil is considered rich in water

due to its extensive landmass, there is a high disparity in distribution

Brazil has approximately 10% of the world’s fresh water,  of this resource among its regions. The Amazon River Basin, for

with an annual average river flow of 182,600 m*s™'. When all  instance, has only 5% of the total population and about 80% of

areas of the Amazon region are considered, including the territory  the available water. Conversely, the Northeast region has only
in neighboring countries, the outflow is around 272,000 m*s™' 3.3% of the country’s resources and 30% of the population.

*Corresponding author: Maria Nogueira Marques, e-mail: mmarques@ipen.br.
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Several other factors may contribute to water shortage
relating to the availability of water. This is the case of Sdo
Paulo State, located in the Southeast region of Brazil. In fact,
its environmental problems are serious due to high population
density in many areas associated with deficient sanitary
infrastructure, high impact of industrial areas and diffuse water
contamination caused by agricultural development. Moreover,
the rapid process of urban development and increases in
agricultural productivity in the last few decades has been
affecting the quality and availability of water. Consequently,
conflicts in different sectors and among users have generated
more concern and attention from the federal government, which
has established new policies to aid management and planning
of water resources.

According to the Brazilian Constitution of 1988 (Article
21, section XIX), the government has the power to institute
the national water resource management system and the
responsibility to establish conditions for the corresponding
legislation. In 1997, Federal Law 9,433 was enacted, which
established the National Water Resource Policy (PNRH in the
Portuguese initials). This law regulates section XIX of Article
21, to allow the implementation and operation of the PNRH.

This study intends to contribute to the database required
by government agencies regulating water management. We
based our approach on research by Gustafson (1989), Goss
(1992), Dores & Freire (2001), Ferracini et al. (2001) and
Primel et al. (2005) to develop a preliminary analysis of
potential contamination threats caused by pesticides on surface
and underground water, by investigating the physical
characteristics of the pesticides applied in the Ribeira de Iguape
River Basin (Sao Paulo State). We expect that this information
will help to improve environmental protection measures and
make them more sustainable.

MATERIAL AND METHODS

Ribeira de Iguape River Basin

Situated along the southern coast of Brazil (23°30°S —
25°30°S and 46°50°W — 50°00°W), the Ribeira River originates
in the state of Parana, with its name downstream known as
the Ribeira de Iguape River after the confluence, its main
tributary being the Juquia River in Sao Paulo, where it is the
most important river from the hinterland flowing into the Atlantic
Ocean. Various elements are associated with its tropical
landscape formation and a special climate characterized by
the mountains of the Serra do Mar and the Paranapanema
plateau and lowlands linked to flood plains (Associagdo
Ecojureia, 2003). Although classified as being in a tropical
climate (average temperature of 23.2°C, ranging between 18°C
and 28°C, with average monthly rainfall between 97 mm and
160 mm), the river is located in an area with broad climatic
variation due to local factors and conditions determined by
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specific areas such as mountains, vegetation and ocean
(CITAGRO, 2003; Marques, 2005).

The main agricultural activity in the basin, banana
cultivation, is responsible for approximately 90% of pesticide
consumption. Thus, fungicides represent the main product of
the pesticides applied in the region. Approximately 4,000 rural
properties are involved (Marques, 2005).

Consumption records of the region were compiled and
assessed to verify the type of pesticides commonly used. Based
on the records collected from EDA/RE (Farming Defense Office
of Registro-SP) (Table 1), Farming Defense Coordinating (CDA),
Agriculture and Food Supply Secretariat of the Sdo Paulo State,
responsible for management, use, supervision, commercialization,
storage, installation service and appropriate destination of
pesticide packages of 40 EDA distributed on Sao Paulo State
(Marques et al., 2003). Table 2 presents the physical-chemical
properties of the active ingredients.

Potential assessment criteria of surface and groundwater
contamination in Ribeira de Iguape River Basin

In order to treat the issue of groundwater contamination,
the following criteria were applied: the screening criteria
recommended by the U.S. Environmental Protection Agency
(USEPA) and the Groundwater Ubiquity Score (GUS)
developed by Gustafson (1989). To evaluate the possibilities
of surface water contamination by pesticides, a method
suggested by Goss (1992) was applied (Cohen, 1995; Dores
& Freire, 2001; Ferracini et al., 2001; Primel et al., 2005).

USEPA Criteria

For underground water contamination by pesticides, a
preliminary potential assessment through the USEPA screening
criteria was based on the following: water solubility > 30
mg L'; organic carbon adsorption coefficient — K < 300-
500; Henry’s Law constant — K, < 10 Pa.m’ mol™; speciation —
negatively charged (either fully or partially) at room temperature
pH (5-8); soil half-life > 2-3 weeks; hydrolysis half-life > 25
weeks; vulnerable field conditions (annual precipitation > 250
mm, aquifer not confined, porous soil).

The Gustafson (1989) GUS was based on the values of
half-life and on the soil organic carbon adsorption coefficient
(K,,), with no additional properties such as water solubility
taken into consideration. However, based on a scale of GUS
rankings, four categories of pesticide leaching can be considered.

Large: If log(half-life) x (4 — log(K,.)) = 2.8
Small: If log(half-life) x (4 —log(K,.)) < 1.8
If log(half-lifc 4 —log(Koe)) < 0.0
Very small: og(ha . ,1 &) x( og( . )<
or solubility < 1 and half-life < 1.0
Medium: Everything else between the presented range
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Table 1 — The main active ingredients of pesticides applied in Ribeira de Iguape River Basin.
Pesticide L. . Chemical Amount marketed Tox'ico-
. Active ingredient . - logical Class
commercial name class in 2000 (L year™) class
Mineral oil Hydrocarbons Hydrocarbons 1.8x10° v
Tilt Propiconazole Azole 2% 10* 111
Folicur Tebuconazole Triazois 4x10° 11 o
. 3 Fungicide
Juno Propiconazole Azole 4x10 1
Cercobin Thiophanate-methyl Benzimidazoles 4x10° v
Priori Azoxystrobin Estrobilurinas 1x10° 111
Furadan liquido Carbofuran Carbamatos 1x10° 1
Furadan granulado Carbofuran Carbamates 4x10° III lnsectici.dé
and nematicide
Sevin Carbaryl Carbamates 6 x 10* kg year ™' I
Counter 50G Terbufos Organophosphorus 5% 10° 1
Gramoxone Paraquat Bipiridilios 2x10° II
Gramocil Paraquat + Diuron Bipiridilios + Urea 6x10* II
Roundup Glyphosate Glicines 3% 10* v Herbicide
Finale Glufosinate Aminoacid 2.5x10* v
Zapp Sulfosate Glicines 8 x 10° v
Table 2 — The active components of pesticides used in Ribeira de Iguape River Basin: physical-chemical properties at 20-25°C.
Vapor Water [ ) 3) . DTgo a [0)
Class  Active ingredients pressure, solubility, Log Kow Kog 1 DTsy " in soil, hydrolyses, L GUS®
) cm’ g days atm m” mol
mmHg mg L days
Propiconazole 1x10° 100-110 3.5 1.900 40-70 25-85 41x10° 1.33
3 Tebuconazole 1.3x10™" 36 (20°C) 3.7 - - - 1.45x107° -
Q
.2 3
2 Thiophanate-methyl  7.6x 105 20110 132 110 - - 3.7% 107 -
= (30°C)
Azoxystrobin 83x107" 6 2,5 550 4015 - 6.91 x107™ 4.54
>>365 (pH 4)
] R
S o Carbofuran 0.031-0.072 320 2.32 22 30-60 121 (pH7) e 44x107° 4.52
=} mPa
85 31 (pH9)
S 3
28 , 12 (pH 7) "
é 5 Carbaryl 4.1x10 120 2.36 300 10 3.2h (pH 9) 8.8x 10 1.52
- Terbufos 32x10* 15 (ppm) 3.68 2400 5 3.5 24x%x10° 0.43
5 15473- o
Paraquat <1x10 soluble 4.22 1000000 1,000 - 1x10 0.57
] Diuron 6.9x%10° 36.4 2.68 224-879 330 - 58vx 1070 2.66-4.15
:_g Glyphosate Low 12,000 0.17x1072 24000 45-60 — - —0.64
-
]
= Glufosinate 9.1x 107" 1370 (;]2';) 9.6-1.229 6-20 >300 44x10"  2.35-5.09
Sulfosate - - - - - - -

MK, = octanol/water partition coefficient; oK, = organic carbon adsorption coefficient; CIDTs, = half-life; YK, = Henry's Law constant; ®GUS calculated.
Note: The data were obtained from Dores &Freire (2001); Extoxnet (2003); Rodrigues & Almeida (1998); and Tomlin (1994).
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Table 3 — Surface water criteria for evaluating contamination potential (Goss, 1992).

Pesticide run-off

Pesticide run-off potential for

Half-life in soil

Solubility in

sed?nzzerll;t:i;rflz;ort sol;gz;’)‘(’):‘:‘se (days) o (r::; t]ffl)

Large - =40 1000 -
Large - >40 > 500 <0.5
Small - <1 - -
Small - <2 <500
Small - <4 <900
Small - <40 <500 20.5
Small - <40 <900 >2

— Large > 35 <100,000 >1

- Large <35 <700 >10and <100

- Small - > 100,000 -

- Small <1 >1,000 -

- Small <35 - <0.5

Medium: Everything else

Goss method

For surface water contamination threat, the proposed
criteria are shown in Table 3. In this table, unclassified
substances among these criteria are considered as the average
level (potential) for contaminating surface waters.

RESULTS AND DISCUSSION

The Ribeira de Iguape River Basin isone of eleven Water
Management Units in Sao Paulo State. According to the Natural
Water Quality Index for Public Supply (IPA) and the S&o Paulo
State Sanitation Company (CETESB, the water and sanitation
utility owned by the state government), several rivers in the
basin are moderately preserved with good quality water for
public supply (CETESB, 2005). The basin is known for its
high availability of water resources, while surface and ground
water demands are low, respectively 1.0% and 0.6%. Thus,
in such circumstances with low demand and a favorable
environmental situation, the quality and quantity called for
in the water development plan should aim at maintaining
environmental features in harmony with future regional
development, by providing guidelines for sustainable protection
of its natural resources and, human interventions compatible
with land and water features, principally the water catchments
and the remaining native forest cover.

Compared with the other regions of the state of Sao Paulo,
figures on socioeconomic and demographic parameters have
distinguished this area as the least developed region of Sao
Paulo (Hogan ef al., 2001). However, it is immediately apparent
that sustainable development is compromised, considering the

limited areas of subsistence agricultural activities, current urban
pressures from internal expansion of each town and from
external encroachment by larger metropolitan regions, in
particular that of the city of Sao Paulo (Meyer ef al., 2004).

The use of pesticides in Brazilian agriculture has been
increasing above rate of expansion of planted areas. Regarding
the quality of pesticides sold in 2002, herbicides rank first
(29.1%)), followed by insecticides (approximately 28.4%) and
fungicides (25.9%), while other products such as acaricides,
nematicides etc. (16.6%) round out demand (SINDAG, 2006).
This profile is similar to global tendencies because worldwide
consumption of herbicides has significantly increased in the
last 30 years above the amount of both fungicides and
insecticides (Lara & Batista, 1992; Marques, 2005).

Thus, this evaluation was carried out only on the physical-
chemical properties of active compounds of the pesticides
commonly applied in Ribeira de Iguape River Basin. The
physical-chemical properties of active components in pesticides
as shown in Table 2 are related to several crops to which they
were applied. Subsequently, the physical-chemical properties
presented here were used in both evaluation involving potential
criteria for water contamination, considering: Henry’s Law
constant (K, ), water solubility, octanol/water partition coefficient
(K,,), organic carbon adsorption coefficient (K ) with soil
and water half-life (DT, ).

The results of Table 2 were obtained by observing the
differences among the properties of several compounds with
the same or other chemical class. A broad survey of
environmental impacts was not possible specifically related
to pesticides.
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Although there are few studies on pesticides in tropical
environments and pesticide behavior on land and water are
expected to vary between temperate and tropical conditions,
data for temperate environments were used in order to enable
comparison between recognized conditions (Castilho et al.,
1997).

Considering toxic sensitivity, a significant portion of
the pesticides are classified as having low toxicity. Sevin,
Gramoxone and Gramoxil are considered highly toxic, while
Furadan liquid and Counter 50G insecticides are considered
extremely toxic.

Potential underground water contamination

Based on the screening criteria proposed by the USEPA,
Table 4 presents the potential for underground water
contamination. The properties analyzed in Table 2 were
considered for the possibility of their effect upon reaching the
water table. Some of the data in Table 4 were not established
in the literature.

A number of the active components can be classified as
compounds that present a greater probability of traveling to
the water table due to high water solubility, low organic soil
adsorption and a relatively long half-life in the soil. Potential
pollutants are considered as those active substances indicated
by physical chemical properties, characterized by the possibility
of contaminating underground water for the following reasons:

e Although water solubility and organic carbon
adsorption coefficient (K ) of azoxystrobin do not
comply with the screening established by the USEPA,
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the long half-life of nearly 11 years indicates the
possibility of groundwater contamination.

o The solubility and the coefficient K  of diuron are
in the specified limit, demonstrating the capacity of
being highly absorbed by the soil, but based on other
characteristics and literature data, contamination by
this substance indicates it poses a considerable threat
of water contamination.

e Though glyphosate is strongly absorbed by the soil,
it can contaminate groundwater only when the
characteristics of the soil do not favor adsorption or
when it is associated with dissolved organic matter.

The aim of this study was to evaluate the potential of
active chemical components to contaminate water sources. We
preferred a conservative approach in order to consider other
cases with suspicious characteristics as well. In the case of
tebuconazole and sulfosate, for which no information was found
in the literature, the results of their chemical compounds are
therefore inconclusive.

According to Cohen e al. (1995), compounds on the leach
or transition range (1.8-2.8) would require further investigation
by a more sophisticated method. Compounds classified as
improbable of leaching may certainly be considered as non-
pollutants of groundwater. Considering this detail with criteria
from the EPA (see Table 4), only terbufos presents no risk of
water contamination. Propiconazole, carbaryl, paraquat and
glyphosate are identified as probable intermediate contaminates;
nevertheless, they require more assessment to substantiate their
probability of water contamination.

Table 4 — Summary of groundwater contamination Analysis (Ribeira de Iguape River Basin, SP, 2002):
based on the screening criterion (USEPA) and on the GUS index.

1
Class Active ingredients  Solub. Ko DTSO D.T5° Ky GUS Result
soil hidr.
Propiconazole v S v N v S IN
o Tebuconazole v v I
Fungicide )
Thiophanate-methyl v v v CP
Azoxystrobin N N v v v CP
Carbofuran v v v N v v CP
Inseticide and
nematicide Carbaryl v © © © v S IN
Terbufos S S S v S NC
Paraquat v N v v N IN
Diuron v v v v v CPpP
Herbicide Glyphosate v N v S IN
Glufosinate v v v v v v CP
Sulfosate 1

© - out of criterion, v — criterion as dangerous potential; CP — potential contaminant; NC — non contaminant; IN —

middleman; I — no conclusion possible; DT, — half-life; 2Ky, —

Henry's Law constant.
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The potential of surface water contamination

Although the criteria suggested by Goss (1992) were used
to verify whether pesticides used in the region could reach
surface waters when being applied in local agriculture, research
is divided into two areas: one pertaining to materials that can
be transported when dissolved in water and the other to those
transported along with sediments in suspension (see Table 5).
In this case, the classification of pesticides according to this
criterion is presented below. Among those with high transport
potential associated with sediments are propiconazole, paraquat
and glyphosate.

Dispersed in water, the pesticides that have presented
high mobility are propiconazole, thiophanate-methyl,
azoxystrobin, carbofuran, paraquat, diuron and glyphosate,
some of which were also identified as potential pollutants of
groundwater (thiophanate-methyl, azoxystrobin, carbofuran
and diuron). Of all the pesticides studied, carbofuran stands
out, due to its long half-life in water, which was detected and
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later confirmed among the samples investigated in the surface
waters of Ribeira de Iguape River Basin (Marques, 2005;
Marques et al., 2003).

CONCLUSION

The evaluation of the data presented in the list of
compounds reveals that among the pesticides most commonly
used in agriculture in the Ribeira de Iguape River Basin, all
of those investigated presented mobility in the environment,
with the exception of terbufos and carbaryl. Although a
significant portion of the study region currently lies within
environmental protection areas, indicating moderate influence
and human activity, the disturbing probability of surface and
ground water contamination by agriculture is still an important
issue not to be ignored. The flood-prone character of this region
is a significant factor in determining field conditions raising
the risk of surface and ground water contamination.

Table 5 — Classification of the active components in pesticides used in the
region of Ribeira de Iguape River Basin (2002): capacity for contaminating surface waters.

z
= L 7] ] =
D e~ — D - = D Q
1 (=] =) ~— —
- S §:(=x% £ ¢ & § £ 3 = ¢
5 g S & .= ‘E S = = = £ S = 2
£ 2 ¢ &2 L & £ £ £ 2 & & £
o &S 2 g8 3 §F &8 & g /R = E B
Z £ = £ 5 O = © ©
S A = <
<
Pesticide run-off potential
. P L I S M S S M L M L S I
for sediment transport
Pesticide run-off potential
P L 1 L L L M M L L L M 1

for solution-phase transport

L —large; S — small; M — medium; I — no conclusion possible.
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RESUMO

Este trabalho mostra a ocorréncia de alguns compostos organicos emergentes em aguas superficiais da Regido Metropolitana
de Campinas (RMC). Dez compostos classificados como interferentes enddcrinos e cinco farmacos foram investigados
em amostras coletadas em seis pontos amostrais localizados na bacia do rio Atibaia. As amostras foram submetidas ao
processo de extragdo em fase solida e os extratos foram analisados por cromatografia liquida de alta eficiéncia. Compostos
orgénicos exdgenos foram detectados em 83% das amostras. Dentre os compostos investigados, mais de um foi determinado
em 66% das amostras. O 17B-estradiol, o 17d-etinilestradiol, o paracetamol (acetaminofeno), o acido acetilsalicilico, a
cafeina, o di-n-butilftalato e o bisfenol A foram detectados ao menos uma vez nas amostras. No ponto amostral a jusante
da cidade de Campinas foram determinados os niveis mais elevados de cafeina, bisfenol A, 17B-estradiol e 17c-etinilestradiol,
evidenciando a contaminacéo das aguas. Finalmente, foi observado aumento na concentragido destes compostos durante
o periodo de menor pluviosidade.

Palavras-chave: compostos organicos emergentes, interferentes endocrinos, dguas superficiais, saneamento basico.

ABSTRACT

Occurrence of endocrine disrupting chemicals and pharmaceutical
products in surface freshwaters from Campinas region (SP, Brazil)

The aim of this work was to evaluate the occurrence of some emerging organic compounds in surface freshwaters samples
collected in the Metropolitan Region of Campinas. Ten substances classified as endocrine disrupting chemicals as well
as five pharmaceutical drugs were investigated in samples from six individual sampling points in the Atibaia River ba-
sin. Samples were submitted to solid phase extraction and the extracts were analyzed by high performance liquid chro-
matography. Exogenous organic compounds were detected in 83% of the samples. More than one compound, amongst
the fifteen, was determined in 66% of the samples. 173-estradiol, 17a-ethynylestradiol, paracetamol (acetaminophen),
acetylsalicylic acid, di-n-butyl phthalate, bisphenol A, and caffeine were detected at least once. Higher levels of 173-estradiol,
17a-ethynylestradiol, bisphenol A, and caffeine were detected in the sampling point located downstream the city of Campinas,
evidencing the contamination in this water body. Finally, it was noticed that during the low precipitation period the con-
centration of the majority analyzed compounds increases.

Key words: emerging organic compounds, endocrine disrupting chemicals, surface freshwaters, basic sanitation.

INTRODUCAO utilizados para diversos fins. Apenas nos Estados Unidos sdo

registrados de 1.200 a 1.500 novas substancias quimicas por

Atualmente, cerca de 11 milhdes de substancias quimicas  ano (U.S.EPA, 2006). Em todo o mundo, aproximadamente

sdo conhecidas no planeta. Em paises industrializados cerca ~ 3.000 compostos sdo produzidos em grande escala, atingindo
de 100.000 compostos sdo produzidos deliberadamente ¢ =~ mais de 500.000 kg por ano. Destes, menos de 45% foram
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submetidos a algum tipo de ensaio toxicoldgico basico e menos
de 10% foram estudados considerando-se qualquer tipo de efeito
toxico sobre organismos em desenvolvimento (Mello-da-Silva
& Fruchtengarten, 2005).

A produg@o e uso crescente de compostos quimicos e
a inexisténcia de politicas de controle baseadas em critérios
toxicologicos e ambientais tém levado ao aparecimento das
chamadas substancias emergentes. Estas substdncias ndo
compreendem somente os produtos quimicos sintetizados nos
ultimos anos, mas também uma série de compostos organicos
exogenos ou enddgenos que somente agora vém sendo
detectados em diferentes compartimentos ambientais. Além
disso, muitos destes compostos tém apresentado em comum
o fato de atuarem como interferentes do sistema enddcrino
de humanos e de diversos seres vivos (Sumpter & Johnson,
2005). A maioria dos interferentes enddcrinos sdo moléculas
pequenas que possuem a capacidade de mimetizar alguns
hormoénios esteroidais ou da tire6ide, comprometendo os
processos reprodutivos, de desenvolvimento e de manutengao
da homeostase celular (Sadik & Witt, 1999). Os interferentes
enddcrinos podem perturbar o funcionamento do sistema
endocrino, mimetizando hormonios naturais, estimulando a
formag¢do de mais receptores hormonais, bloqueando sitios
receptores em uma célula, acelerando a sintese e a secregdo
de hormonios naturais, desativando enzimas responsaveis pela
secrecdo de hormdnios e/ou destruindo a habilidade dos
hormonios em interagir com os receptores celulares (Birkett
& Lester, 2003).

Muitos compostos organicos tém sido classificados como
interferentes enddcrinos por diversas agéncias ambientais e
organizagdes ndo-governamentais de todo o mundo. Segundo
o Programa Internacional de Seguranga Quimica, um interferente
enddcrino € classificado como “uma substdancia ou mistura
exogena que altera a fung¢do do sistema endocrino e
conseqiientemente causa efeitos adversos em um organismo
intacto, ou em seus descendentes, ou subpopulagdes” (Damstra
et al., 2002). A Agéncia de Prote¢do Ambiental dos Estados
Unidos propde uma definicdo mais detalhada que reflete a
diversidade de mecanismos envolvidos na perturbacio do
sistema enddcrino. Segundo a U.S.EPA (1997), “um interferente
endocrino é um agente exogeno que interfere na sintese,
secregdo, transporte, ligacdo, agdo ou eliminagcdo de hormonios
naturais que sdo responsdaveis pela manutengdo da homeostase,
reproducgdo, desenvolvimento e/ou comportamento”.

Dentre os compostos classificados como interferentes
endocrinos, os que vém merecendo maior destaque sdo os
estrogénios naturais, os estrogénios sintéticos e alguns
xenoestrogénios, tais como o bisfenol A, os surfactantes
alquilfendis e alguns ftalatos. Estes compostos tém sido mais
estudados, pois suas ocorréncias no ambiente e seus possiveis
efeitos sobre a biota somente agora vém sendo elucidados.

Os xenoestrogénios sdo constituidos basicamente de
compostos utilizados em produtos industrializados. Compostos
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empregados como plastificantes ou como aditivos na sintese
de polimeros apresentam a lixiviagdo como fonte minoritaria
de aporte para os corpos aquaticos. Descartes industriais
provenientes de empresas que utilizam essas substincias na
manufatura de seus produtos sdo considerados importantes
fontes para o ambiente. Além dos compostos organicos
introduzidos no ambiente via atividades industriais, varios
hormonios podem surgir em aguas superficiais em fungdo da
eliminac@o destes compostos por muitos seres vivos. Estrogénios
naturais ou sintéticos sdo excretados através da urina em suas
formas biologicamente ativas, ou seja, como conjugados
soluveis em agua e, em menor propor¢ao, por meio das fezes.
Sob condigdes naturais, estes metabdlitos podem ser
rapidamente hidrolisados, retornando a sua forma original.
Sendo assim, as principais fontes de interferentes enddcrinos
para as aguas superficiais sdo os efluentes de estagdes de
tratamento de esgoto (ETE) ou, no caso de paises
subdesenvolvidos ou em desenvolvimento, o esgoto bruto
despejado nos corpos aquaticos receptores.

A presenca de interferentes endocrinos em aguas
superficiais esta diretamente relacionada com a eficiéncia dos
processos de tratamento de efluentes e esgotos, pelo menos
em paises onde existe esta pratica de saneamento. Porém,
invariavelmente, muitos interferentes enddcrinos ainda sdo
detectados em aguas superficiais devido a inadequagéo dos
sistemas de tratamento ou a falta de tratamento de esgotos ou
efluentes.

Diante da crescente preocupag¢do com o estado de
degradagao dos corpos de agua superficiais brasileiros, foi
feita uma avaliagdo preliminar da qualidade das aguas destinadas
ao abastecimento publico na Regido Metropolitana de Campinas
(RMC) quanto aos compostos organicos emergentes, incluindo
alguns interferentes enddcrinos e outros compostos de origem
antrdpica.

MATERIAL E METODOS

A RMC possui cerca de 2,3 milhdes de habitantes
distribuidos por dezenove municipios que ocupam 3.673 km?
do territorio paulista. O rio Atibaia é um dos mais importantes
mananciais com vistas ao abastecimento publico da regido.
Pertence a bacia do rio Piracicaba, que, juntamente com as
bacias dos rios Capivari e Jundiai, forma a Unidade de
Gerenciamento de Recursos Hidricos 05 (UGRHI-5) do Estado
de Sdo Paulo, de acordo com a Lei Estadual 7.663. A Sociedade
de Abastecimento de Agua e Saneamento S/A (SANASA),
empresa responsavel pelo gerenciamento de aguas e esgotos
no municipio de Campinas, utiliza durante a captacido 92%
das aguas do rio Atibaia e apenas 8% do rio Capivari. Cerca
de 98% da populagio da cidade de Campinas, aproximadamente
um milhdo de habitantes, ¢ abastecida com agua tratada por
meio das redes de distribuigdo, enquanto o restante recebe agua
potavel por meio de caminhdes-pipa e torneiras coletivas. A
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coleta de esgoto ¢é bastante eficiente, porém o tratamento ¢é
inoperante. Aproximadamente 90% da populagdo ¢ atendida
por redes de esgotamento, mas apenas 15% do esgoto ¢ tratado.
Neste caso, aproximadamente 280.000 m* de esgoto bruto séo
descartados diariamente nos rios da regido (IBGE, 2002).

Foram selecionados seis pontos de amostragem inseridos
na UGRHI-5 (Figura 1). Os trés primeiros estdo situados no
rio Atibaia, e os demais no Ribeirdo Anhumas e nos rios
Capivari e Jundiai. O primeiro ponto de amostragem (P1)
localiza-se na estag@o de captacdo de agua do municipio de
Atibaia. O segundo ponto (P2) esta situado entre os municipios
de Campinas e Valinhos, na esta¢do de captagdo de dgua das
estagdes de tratamento de dgua (ETA) 3 e 4 da SANASA. O
ponto P3 situa-se no municipio de Paulinia, a jusante da
Refinaria do Planalto Paulista (REPLAN), sobre a ponte da
SP-332, no trecho que liga Campinas a Cosmdpolis. O ponto
P4 est4 localizado no Ribeirdo Anhumas imediatamente a
jusante da cidade de Campinas e a montante de sua afluéncia
no rio Atibaia. Sob a Rodovia dos Bandeirantes, na captagio
de aguas da SANASA no rio Capivari, foi estabelecido o ponto
P5. O ponto P6 esté localizado no rio Jundiai, no municipio
de Indaiatuba.

Em trés campanhas amostrais, realizadas em margo, junho
e agosto de 2006, foram coletadas amostras de aguas superficiais,
com o auxilio de um balde previamente ambientado com a propria
amostra a ser coletada. Cerca de quatro litros de agua foram
transferidos para frascos de vidro-ambar previamente limpos.
Os frascos foram selados com papel aluminio, tampados e
colocados em caixa de isopor para transporte. No laboratorio,
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aliquotas das amostras foram filtradas em membranas de fibra
de vidro com porosidade aproximada de 1,2 um (Schleicher
& Shuell) e de acetato de celulose (0,45 wm). Foi utilizada
extragdo em fase sélida (SPE) empregando-se um litro da amostra
filtrada e acidificada até pH ~3. Foram empregados cartuchos
contendo 500 mg de poliestireno-divinilbenzeno (HLB Oasis,
Waters) previamente condicionados com metanol (nanograde,
Mallinckrodt), dgua deionizada (Milli-Q, Millipore) e agua
deionizada pH ~3. A elui¢do dos compostos-alvo foi feita por
meio da adi¢do de 12 mL de metanol em cada cartucho, e o
extrato final foi seco com nitrogénio até 0,5 mL.

Foi investigada a presenga de 15 compostos exdgenos
nas amostras: dois estrogénios sintéticos (17a-etinilestradiol
e levonorgestrel), trés estrogénios naturais (estrona, 17[3-
estradiol, progesterona), cinco xenoestrogénios (4-octilfenol,
4-nonilfenol, dietilftalato, di-n-butilftalato e bisfenol A) e cinco
farmacos (ibuprofeno, paracetamol, acido acetilsalicilico (AAS),
diclofenaco e cafeina). A concentragdo dos compostos foi
avaliada por cromatografia liquida de alta eficiéncia (CLAE)
em um equipamento Shimadzu (SCL 10AVP) acoplado a dois
detectores: um de ultravioleta com arranjo de fotodiodos (UV/
DAD, SPD-M10VP) e um de fluorescéncia molecular (FL,
RF-10A XL). A constitui¢do da fase mdvel variou em funcio
do tipo de detec¢ao utilizada. Para identificagdo dos compostos
por UV/DAD foi construido um gradiente de concentragio
entre agua purificada (pH ~3) e acetonitrila (HPLC, JT Baker),
enquanto nas andlises por FL foi empregada uma relagdo
isocratica (1:1). Em ambos os métodos a vazdo foi mantida
em 0,8 mL min™' e o volume injetado foi de 20 L.

20'S

[ \ N VS ol c
MG |5
A a \ \N.%F E <
/' Gorumbatal ' S RJ
=\ - = 2
N ~J ™YY el i /
e R .¢'. '\I\_, '\
~ Rio Piracicaba . B A A g
\ Ny Ri . "_': Rio Camanducaia R =\
» A \I Anhumas J : 3 /
“) ) Campmas Rio Jaguarf 7
Pontos de amostragem £, Rio Capivari,—Y At*i?ggia""""’" "‘# i
Rio Atibaia (Atibaia) >~ e i ‘" i
©2) Rio Atibaia (Campinas) N/ o g
R. - & Fer 0-
io Atibaia (Paulinia) RicTiets ol

Ribeirdo Anhumas (Campinas)
Rio Capivari (Campinas)
Rio Jundiai (Indaiatuba)

50

Figura 1 — Localizacdo dos pontos amostrais.
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Solugdes-estoque dos compostos foram preparadas a partir
da medi¢ao exata dos padrdes (pureza >99%) e da dissolucéo
em metanol. Solugdes de trabalho, obtidas por meio da diluigdo
das solugdes-estoque, foram armazenadas em refrigerador (<
42C) por, no maximo, duas semanas. A quantificagdo dos
compostos foi realizada por meio da construcdo de curvas
analiticas. Os limites de detec¢do (LD) para cada composto
foram obtidos por meio de equagdes de regressao linear. LD
foi calculado por meio da razdo entre o desvio-padrio do
coeficiente linear e o coeficiente angular da reta multiplicados
por 3,3. A Tabela 1 mostra os valores de LD, a faixa linear
de trabalho, os coeficientes de correlagdo de Pearson (R?), os
tempos de retencdo e os parametros envolvidos na detecgio
dos compostos por UV/DAD e FL.

RESULTADOS E DISCUSSAO

A Tabela 2 mostra as concentra¢des dos 15 compostos
investigados nos seis pontos de coleta em diferentes campanhas
amostrais. Em 83% das amostras foram detectadas substancias
consideradas emergentes, tais como farmacos, interferentes
endocrinos e indicadores de contaminagio fecal, tais como
a cafeina e o bisfenol A (Glassmeyer et al., 2005). Resultados
similares foram obtidos pelo centro de pesquisas geoldgicas
dos Estados Unidos (USGS) em estudo envolvendo a ocorréncia
de 95 compostos em 139 corpos de agua (Kolpin ez al., 2002),
evidenciando a relevancia dos compostos selecionados neste
trabalho. Dentre os quinze compostos analisados, mais de um
foi determinado em 66% das amostras. Sete substancias
quimicas foram determinadas, a0 menos uma vez, nas amostras:
cafeina, di-n-butilftalato, bisfenol A, 17B-estradiol, 170
etinilestradiol, paracetamol e acido acetilsalicilico. As duas
ultimas foram determinadas apenas na terceira campanha e
somente nas amostras do Ribeirdo Anhumas. As concentra¢des
de paracetamol e AAS encontradas neste corpo de agua foram
0,84 e 4,15 ug L', respectivamente.

A presenca de farmacos em aguas naturais tem sido
atribuida ao descarte de esgoto bruto e tratado em ETE
(Routledge et al., 1998; Ternes, 1998; Hirsch et al., 1999; Jones
et al., 2002). Neste trabalho, foi observado que no periodo
de menor pluviosidade, més de agosto, as concentragdes de
compostos oriundos da atividade antropica aumentaram devido
a auséncia do efeito de diluigdo predominante no verdo chuvoso.
Por este motivo, tanto o paracetamol quanto o acido
acetilsalisilico foram determinados apenas na terceira campanha.

Dentre os cinco compostos mais freqiientes, o di-n-
butilftalato foi encontrado em 78% das amostras, seguido da
cafeina (61%), do bisfenol A (33%), do 17B-estradiol (28%)
e do 170-etinilestradiol (23%). Os niveis de concentracdo destes
cinco compostos sdo mostrados na Figura 2, em um grafico
do tipo box-whiskers. Pode-se observar que os niveis dos cinco
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compostos variaram em até cinco ordens de magnitude. A menor
variabilidade foi verificada para o di-n-butilftalato, cujas
concentragdes médias e medianas foram de 9,75 ¢ 6,75 ug
L', respectivamente. Este composto foi determinado em todos
os pontos amostrais em, pelo menos, uma campanha de
amostragem. Os niveis mais elevados deste composto foram
determinados nos pontos P1, P4 e P6 durante o periodo de
maior pluviosidade. A ocorréncia do di-n-butilftalato no
ambiente pode ser conseqiiéncia de sua lixiviagdo a partir de
materiais plasticos, por meio do descarte de lixo e esgoto e
via lancamento de efluentes industriais (Fromme et al., 2002).

A cafeina apresentou valores médios e medianos de 13,1
e 8,46 ug L', respectivamente, evidenciando também baixa
variabilidade dos dados em fung¢do do aporte constante desta
substiancia. A cafeina tem sido reconhecida como uma
importante indicadora da contaminacdo por substancias
antropogénicas (Siegener & Chen, 2002). Foi encontrada em
cinco dos seis pontos amostrais, sendo que concentracdes mais
elevadas foram determinadas no Ribeirdo Anhumas, que recebe
efluentes provenientes da regido mais densamente urbanizada
da bacia do rio Atibaia. Além disso, os niveis de concentragio
encontrados para a cafeina nas aguas superficiais da RMC sdo
compativeis com os teores determinados em amostras de esgoto
bruto de paises mais desenvolvidos, tais como a Noruega
(Weigel et al., 2004), evidenciando o elevado grau de
impactacdo dos rios analisados.

As concentracdes de 17o-etinilestradiol variaram de 6
a310 ng L', enquanto para o 17-estradiol foram determinados
valores minimos ¢ maximos de 38 e 2510 ng L', respecti-
vamente. Esta grande variabilidade na concentrag@o justifica-
se em fungdo dos niveis mais baixos determinados para estes
compostos. Ambos os estrogénios foram determinados em
concentracdes mais elevadas durante o periodo de menor
pluviosidade nos pontos P1 ¢ P6. O 17B-estradiol é um dos
principais hormonios produzidos no corpo humano, exercendo
papel fundamental no controle do ciclo menstrual em conjunto
com a progesterona. Sua presen¢a em aguas naturais ¢ um forte
indicio do descarte de esgoto doméstico (Desbrow et al., 1998).
O 170-etinilestradiol ¢ um hormdnio sintético utilizado em
anticoncepcionais. Apenas 15% da substancia ¢ metabolizada
no corpo humano; o restante ¢ eliminado pela urina (Ranney,
1977; Maggs et al., 1983). Belfroid e colaboradores (1999)
encontraram concentragdes médias de 17B3-estradiol e 1701~
etinilestradiol de 5,5 e 4,3 ng L', respectivamente, em aguas
superficiais de Amsterda, na Holanda. A concentra¢do mais
elevada de 17B-estradiol nos rios da RMC é cerca de 700 vezes
maior do que a média determinada em amostras de esgoto bruto
da Holanda (Vethaak et al., 2005). Nestas mesmas amostras
de esgoto, os niveis encontrados de 170-etinilestradiol sdo,
no minimo, 60 vezes menores do que os determinados nos
pontos P1 e P6 durante o periodo de estiagem.
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Tabela 1 — Caracteristicas dos 15 compostos organicos exégenos investigados neste trabalho.

Composto Estrutura m t.  Faixalinear R? LD  Deteccio
Paracetamol @f 1512 7,8 0,10-1,00 0,998 0,050 Au: 244
| /
Cafeina B@R 1942 9,6  0,10-1,00 0,999 0,050 Ay 272
o
~° Aaber: 275
AAS o 180,2 15,8 0,10-1,00 0,998 0,050
\D‘( > > > > > > xabsz: 301
i
Estrona @“. 2704 23,9  0,10-1,00 0,999 0,050 Iy 280
™, 72 A e
Dietilftalato 8 2222 244  0,10-1,00 0,999 0,050 Ay 274
\\ED]]
Levonorgestrel /@éjﬁ 3124 254 0,75-2,50 0,999 0380 Au: 241
Diclofenaco @Nuéo 296,2 26,3  0,10-1,00 0,999 0,050 Ay 275
. Aabs1: 254
Ibuprofeno / 2063 26,9  0,10-1,00 0,999 0,050
o }"abSZ: 261
Progesterona /@5:% 314,5 289 1,00-5,00 0,999 0,750 A 240
. . ‘\_\o /OO\ o/_/i kab51:262
Di-n-butilftalato 8 2783 322 010100 0997 0,050 ;700
abs2 -

4-octilfenol @Irﬂ 2063 346 025250 0999 0,050 A 278
4-nonilfenol @Irﬁﬁ 2203 366 025250 0998 0130 e 278

Aex: 230
1 * HO- OH =
Bisfenol A 2283 6,50  0,01-0.80 0,999 0,005 Xem: 310

hex! 230
17B-estradiol @“. 2724 713 001,00 0999 0005 T

Z hex: 230
17a-etinilestradiol* @ “‘ 2964 808  0,01-1.00 0,999 0005 0

*Compostos detectados por fluorescéncia. m: massa molar (g mol™), #: tempo de retengdo (min), faixa linear
em mg L', R%: coeficiente de correlagio de Pearson, LD: limite de deteccdo em ug L', Aus: comprimento de
onda de maxima absor¢do no ultravioleta (nm), A..: comprimento de onda de excitagdo (nm), Ap:
comprimento de onda de emiss@o de fluorescéncia (nm).
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Tabela 2 — Concentrag¢do dos compostos, em g L™, investigados na bacia do rio Atibaia.

Sodré et al.

Pontos amostrais

Composto Més
P1 P2 P3 P4 P5 P6
M nd nd nd nd nd nd
Paracetamol J nd nd nd nd nd nd
A nd nd nd 0,84 nd nd
M <LD <LD <LD 8,46 <LD 4,61
Cafeina J <LD <LD 6,04 32,4 10,4 18,3
A 1,95 <LD 4,08 41,7 5,50 10,3
M nd nd nd nd nd nd
AAS J nd nd nd nd nd nd
A nd nd nd 4,15 nd nd
M nd nd nd nd nd nd
Estrona J nd nd nd nd nd nd
A nd nd nd nd nd nd
M _ _ _ _ _ _
Dietilftalato J - - - - - -
A nd nd nd nd nd nd
M _ _ _ _ _ _
Levonorgestrel J - - - - - -
A nd nd nd nd nd nd
M nd nd nd nd nd nd
Diclofenaco J nd nd nd nd nd nd
A nd nd nd nd nd nd
M nd nd nd nd nd nd
Ibuprofeno J nd nd nd nd nd nd
A nd nd nd nd nd nd
M nd nd nd nd nd nd
Progesterona J nd nd nd nd nd nd
A nd nd nd nd nd nd
M <LD 30,1 <LD 14,9 <LD 21,5
Di-n-butilftalato J - 7,82 9,86 5,67 7,47 6,58
A 4,89 3,76 6,90 5,83 4,63 6,59
M _ _ _ _ _ _
4-octilfenol I B B B B B B
A nd nd nd nd nd nd
M _ _ _ _ _ _
4-nonilfenol J - - - - - -
A nd nd nd nd nd nd
M <LD <LD <LD <LD <LD <LD
Bisfenol A* J <LD 0,015 <LD - 0,005 0,037
A <LD <LD 0,38 1,76 <LD <LD
M <LD <LD <LD <LD <LD <LD
17 B-estradiol* J <LD <LD <LD <LD <LD <LD
A <LD <LD <LD 2,51 0,038 0,051
M <LD <LD <LD <LD <LD <LD
17 a-etinilestradiol* J <LD <LD 0,006 <LD <LD 0,034
A <LD <LD <LD 0,3 <LD 0,31

*Compostos detectados por fluorescéncia. M: margo, J: junho, A: agosto; nd: ndo detectado, LD: limite de detecg@o.
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No caso do bisfenol A, a concentragdo variou entre 5
e 1760 ng L™!. Mais uma vez, niveis mais elevados foram
determinados durante o periodo de estiagem nos pontos P3
e P4. O bisfenol A surge em aguas naturais, principalmente
por meio de efluentes industriais, embora também esteja
presente em efluentes de ETE. E um composto muito empregado
em diversas atividades industriais, atuando como constituinte
de varias resinas epdxi. Vem sendo largamente empregado para
aumentar a estabilidade, a flexibilidade e a resisténcia de
diversos materiais. No ambiente, este composto apresenta
elevada persisténcia. As concentragdes de bisfenol A
determinadas em rios da RMC s3o muito superiores as
comumente descritas na literatura. Nakada e colaboradores
(20006), por exemplo, detectaram niveis de cerca de 100 ng
L' em amostras de efluentes de ETE do Jap3o.

Os cinco compostos mais freqiientemente detectados
neste trabalho também apresentaram, em sua totalidade,
concentragdes mais elevadas que aquelas determinadas em
amostras de dguas superficiais de paises mais desenvolvidos
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(Belfroid et al., 1999; Kuch & Ballschimiter, 2001; Cargouet
et al., 2004; Heisterkamp ef al., 2004; Kolodziej et al., 2004;
Suzuki et al., 2004; Dorabawila & Gupta, 2005). Nestes
paises, efluentes de ETE sdo considerados as principais fontes
de aporte de inumeras substancias quimicas para aguas
superficiais. Por exemplo, alguns estudos t€m demonstrado
que até 40% do contetido de estrogénios presente no esgoto
bruto ndo é removido por estagdes de lodo ativado em
condi¢des normais de operagdo (Lee & Peart, 1998; Baronti
et al., 2000; Johnson et al., 2000; Nasu et al., 2001). No
Brasil, entretanto, pouca atengdo ¢ dada ao tratamento de
esgotos, uma vez que grande parte do esgoto bruto retorna
aos corpos aquaticos superficiais por meio de ligagdes
clandestinas ou redes de esgotamento sanitario (IBGE, 2002).
Considerando-se este aspecto, ¢ possivel deduzir que as
concentragdes mais elevadas de cafeina, di-n-butilftalato,
bisfenol A, 17B-estradiol e 17a-etinilestradiol, determinadas
nos rios da bacia do rio Atibaia, refletem o baixo percentual
de tratamento de esgotos da RMC.

) L .

o
o
=

Concentracdo (ug L™)
o

l

1E-3 } } } } }
Cafeina Di-n-butilftalato  Bisfenol A 17p-estradiol 17a-etinilestradiol
n=11 n=14 n=6 n=5 n=4
Compostos

Figura 2 — Concentragdo dos cinco compostos determinados com mais freqiiéncia nos rios estudados em todas as
campanhas de amostragem. A média aritmética ¢ representada pelo circulo preenchido. As linhas horizontais da caixa
representam 25, 50 (mediana) e 75% dos valores; barras de erro indicam 5 e 95%; (X) expressa 1 e 99%; (-)
corresponde aos valores maximos e minimos; e n indica o numero de determinagdes para cada composto.
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Em paises mais desenvolvidos, interferentes enddcrinos
em efluentes de ETE sdo considerados os principais suspeitos
de causar a intersexualidade de peixes em regides proximas
aos pontos de descarte dos efluentes (Jobling ef al., 1998).
No Brasil, pouquissimos trabalhos, muitos deles em fase inicial
de execucao, t€m abordado o efeito destas espécies para a biota.
A diferenca entre o cenario atual envolvendo a RMC e os paises
mais desenvolvidos, pelo menos em termos da presenca de
interferentes endécrinos no ambiente, ¢ que no nosso caso,
esta questdo também pode assumir um papel importante em
termos de saude publica. A possibilidade de transferéncia destes
compostos para as ETA e, conseqiientemente, para a agua
destinada ao consumo humano deve ser levada em consideragao.
Alguns trabalhos demonstram que a remoc¢ao de interferentes
endécrinos nas ETA depende tanto das caracteristicas intrinsecas
de cada composto quanto dos métodos de tratamento.
Westerhoff e colaboradores (2005) demonstraram que métodos
convencionais, ou seja, contendo apenas etapas de coagulagao,
sedimentagdo e filtragdo, promovem a remog¢do de menos de
25% da concentracdo da maioria dos interferentes endocrinos.
A presen¢a de uma etapa de cloragdo, muito comum para
desinfec¢do de aguas no Brasil, reduz em 20 a 90% os niveis
de concentragdo, dependendo das caracteristicas de cada
composto.

E importante considerar ainda que a concentragio de um
interferente enddcrino no ambiente deve ser avaliada juntamente
com sua poténcia. Ensaios realizados in vitro (Gutendorf &
Westendorf, 2001) e in vivo (Sohoni et al., 2001; Thorpe et
al., 2003) tém demonstrado que os estrogénios, sejam eles
naturais ou sintéticos, sdo de trés a quatro ordens de magnitude
mais potentes que a maioria dos xenoestrogénios. Portanto,
seria um equivoco focalizar toda a aten¢@o naqueles compostos
produzidos em grande escala e que estdo no ambiente sob
concentragoes elevadas a custa daqueles menos predominantes,
embora mais potentes.

A avaliagdo integrada dos interferentes endocrinos no
ambiente, considerando-se tanto a ocorréncia quanto a poténcia
destes compostos, ainda representa um grande desafio em
estudos ecotoxicologicos realizados sob condi¢des naturais.
Enquanto métodos analiticos voltados para a determinagio
da concentragdo destes compostos em matrizes ambientais sdo
bem estabelecidos e continuamente validados, ensaios in situ
envolvendo a poténcia dos interferentes endocrinos diante da
biota e do homem ainda néo sao totalmente conclusivos. Alguns
ensaios, conduzidos tanto em laboratorio quanto em campo,
tém demonstrado que concentragdes na faixa de ng L™! afetam
o desenvolvimento de peixes (Sumpter & Johnson, 2006). Além
disso, o impacto dos interferentes enddcrinos sobre algumas
espécies somente ¢ observado quando os organismos sao
continuamente expostos. Uma grande quantidade de evidéncias,
muitas delas obtidas a partir de experimentos conduzidos em
laboratorios, mas algumas em campo, demonstram que a
exposicao continua pode levar a efeitos adversos mesmo quando
a concentragdo do composto for extremamente baixa.

Sodré et al.

Finalmente, ¢ importante mencionar que 0s organismos
raramente interagem com apenas um interferente endocrino
no ambiente. Ao contrario, sdo expostos simultaneamente a
varios compostos com poténcias variadas, sendo que cada um
esta presente no meio sob uma concentrago unica.

Atualmente, muitos estudos tém sido realizados, tanto
pela comunidade cientifica quanto por 6rgdos e agéncias
ambientais governamentais, enfocando diferentes angulos do
problema, tais como a ocorréncia e os efeitos no ambiente,
a toxicidade aguda e cronica para a biota e os riscos da
exposicdo dos interferentes enddcrinos para a populagdo.
Mesmo apresentando concentragdes significativas no ambiente,
muitos compostos ndo sao incluidos em padrdes de potabilidade
da agua. Poucos s@o os paises que contemplam a presenca de
algum interferente enddcrino na agua potavel. Tradicionalmente,
as regulamentagdes nesta area enfocam, principalmente, aqueles
compostos capazes de provocar efeitos agudos ou o apareci-
mento de cancer em seres humanos. Entretanto, muitas agéncias
ambientais internacionais tém estabelecido diretrizes para a
inclusdo de compostos organicos que podem causar diferentes
tipos de toxicidade, tanto em seres humanos quanto na biota.
Por exemplo, em 1996, o congresso americano solicitou a
U.S.EPA o desenvolvimento de um programa para defini¢do
das substancias que poderiam apresentar efeitos similares aos
dos estrogénios nos seres humanos (Fenner-Crisp et al., 2000).
Atualmente, o escopo deste programa envolve também os efeitos
de androgénios, hormonios da tiredide e compostos organicos
sintéticos sobre a atividade enddcrina, tanto de seres humanos
quanto de animais presentes em diversos ecossistemas. Os
resultados obtidos nestes programas deverao ser considerados
na inser¢ao de niveis maximos permitidos para interferentes
endocrinos na agua potavel e em alimentos.

CONCLUSAO

Considerando-se a realidade de saneamento basico da
RMC, caracterizada pelo baixo indice de tratamento de esgoto
e conseqiiente aporte de esgoto bruto nas dguas da bacia do
rio Atibaia, os resultados mostrados neste trabalho tornam-
se fundamentais para a avaliagdo dessa bacia em relagdo a uma
série de compostos emergentes que recebem pouca atengéo
no Brasil, mesmo dentro da comunidade cientifica.

Com a deterioragdo acentuada da qualidade da agua bruta
nestes Ultimos anos, fruto da alta densidade populacional e
da inexisténcia de tratamento adequado de esgoto, recai a duvida
sobre a eficiéncia das ETA, as quais ainda usam tecnologia
simples e convencional, estabelecidas ha mais de cem anos.
Com base nos resultados obtidos neste trabalho, observam-
se nfo s alteragdes qualitativas no estado atual da agua bruta,
mas também quantitativas. Este aspecto, aliado a manutengéo
da tecnologia empregada nas ETA, evidencia a necessidade
de, em curto prazo, implantar novas tecnologias voltadas a
eliminagdo de interferentes enddcrinos e farmacos, que podem
ser transferidos para a agua potavel. Como medida preventiva
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de longo prazo, ¢ imperativa a implementagdo de acdes que
eliminem o descarte de esgoto bruto nos corpos receptores.
Devido a importancia destas substancias, sob o ponto de vista
ecotoxicologico, ¢ essencial elucidar suas ocorréncias nos
sistemas aquaticos superficiais, mesmo que a grande maioria
ainda ndo seja contemplada em legislagdes ambientais.
Finalmente, espera-se que os resultados mostrados neste trabalho
fornegam bases sélidas para o estabelecimento de valores
maximos permitidos para estas substancias tanto na agua bruta
quanto na potavel.

Agradecimentos — Fundac¢do de Amparo a Pesquisa do Estado de Sao Paulo
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RESUMO

Cinzas provenientes da queima de carvdo podem apresentar em sua constituicdo diversas substancias com potencial
genotdxico, incluindo compostos orgéanicos e metais pesados. Estas cinzas sdo langadas no ambiente por usinas termelétricas
e podem contaminar suas areas adjacentes. No Brasil, ndo existem trabalhos que avaliem os impactos ambientais em area
sob influéncia de usinas termelétricas a carvao utilizando o ensaio Salmonella/microssoma. Desta forma, o objetivo desta
pesquisa ¢ avaliar o potencial genotdxico de amostras de solo adjacentes a uma usina termelétrica a carvao e de um depdsito
de cinzas de carvdo em processo de recuperagio através deste bioensaio. Amostras de solos superficiais serdo coletadas
em areas sob influéncia de uma usina termelétrica a carvao no estado do Rio Grande do Sul e entdo serdo feitos extratos
orgadnicos e aquosos para o emprego do ensaio Sa/monella/microssoma com as linhagens TA98, TA100, TA97a e,
possivelmente, YG1021 e YG1024, que permitem definir a presenca de nitroderivados. Os resultados obtidos neste trabalho
poderdo contribuir para implementagao deste bioensaio no biomonitoramento de solos.

Palavras-chave: amostras de solo, cinzas de carvdo, ensaio Salmonella/microssoma, extratos aquosos, extratos organicos.

ABSTRACT

Evaluation of areas under the influence of a coal-fired power plant through genotoxicity assay

Ashes originated from coal burning may contain in its constitution several substances with genotoxic potential, includ-
ing organic compounds and heavy metals. These ashes are launched in the environment by power plants and may con-
taminate its surrounding areas. In Brazil, there are no works evaluating the environmental impacts in the area under in-
fluence of coal-fired power plants using the Sa/monella/microsome assay. Therefore, the aim of this research is to evaluate
the genotoxic potential of soil samples adjacent to a coal-fired power plant and of a coal bottom ash deposit in process
of recuperation through this bioassay. Superficial soils samples will be collected in areas under influence of a coal-fired
power plant in Rio Grande do Sul state, and then organic and aqueous extracts for the Salmonella/microsome with the
strain TA98, TA100, TA97a and possibly YG1021 and YG1024, which allow the assessment of nitroderivatives. The results
of this work may contribute for the implementation of this bioassay in the biomonitoring of soils.

Key words: soil samples, coal bottom ash, Salmonella/microsome assay, aqueous extracts, organic extracts.

INTRODUCAO circulagdo atmosférica e dos cursos d’agua, podendo acarretar

0 aumento do tempo de permanéncia dos contaminantes em

O solo, do ponto de vista de retenc@o de poluentes, difere  nivel local. Além disso, o solo funciona como um filtro para

dos demais compartimentos ambientais (4gua e ar) namedida  4guas contaminadas percolantes e como um grande reservatorio
em que inexiste um deslocamento continuo, como no caso da  de gases, a partir de intensos processos fisicos, quimicos e
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bioldgicos, necessitando, assim, de cuidados especiais em seu
uso (Sisinno & Moreira, 1996; Stenberg, 1999; Costa & Costa,
2004).

Para Gilmore (2001), a contaminagao dos solos constitui
a maior barreira para o desenvolvimento sustentavel, uma vez
que este problema afeta a saide do ecossistema e, diretamente,
a diversidade bioldgica. Entre os principais residuos
contaminantes no solo estio os metais pesados e 0s compostos
orgédnicos. A contaminag¢do pelos metais estd geralmente
associada com o aumento exagerado das atividades industriais
e de mineragdo, enquanto as altas concentragdes de compostos
organicos estdo relacionadas com o uso intensivo de produtos
agricolas e de combustiveis fosseis (Wesp et al., 2000; Gilmore,
2001; Esteve-Nunez et al., 2001).

Esses dois grupos de contaminantes t€ém sido amplamente
relatados na literatura como importantes agentes genotoxicos
(mutagénicos) em amostras de solo (Knasmiiller et al., 1998;
Tsukatani et al., 2002; Plaza et al., 2005; Watanabe et al., 2005),
colocando em risco a satide humana e do meio ambiente. White
& Claxton (2004) ressaltam que avaliar a contaminagdo por
substancias genotdxicas no solo ndo ¢ tarefa facil, ja que o
grande numero de substancias agressivas, potencialmente
presentes num sitio contaminado, pode dificultar uma caracteri-
zagdo quimica, uma vez que este tipo de analise apresenta
respostas limitadas para prever a toxicidade de misturas
complexas. A utilizagio de bioensaios, incluindo o Salmonella/
microssoma, se apresenta como uma alternativa util para medir
a mutagénese potencial de misturas ambientais. Este ensaio
vem sendo utilizado como um indicador precoce de contamina-
¢do por agentes genotdxicos (Umbuzeiro & Vargas, 2003) e,
mais recentemente, como indicador de ambientes restaurados
por biorremediagdo (Plaza ef al., 2005). Sobre o mesmo tema,
pesquisas recentes tém apontado que a associagdo entre
bioensaios, procedimentos de fracionamento de amostras e
analises quimicas pode ser uma estratégia eficaz para verificar
a atuacdo de misturas complexas no ambiente (Brack, 2003).

Entre essas amostras ambientais complexas que
necessitam de maiores estudos estdo os solos contaminados
com residuos oriundos da queima de carvao em usinas
termelétricas, os quais apresentam, entre outros constituintes,
compostos orgénicos provenientes da queima incompleta do
carvao e altas concentra¢des de metais pesados (Borm, 1997;
Karuppiah & Gupta, 1997; Pires, 2002). Embora este tema
seja de fundamental importancia, ndo existem no Brasil estudos
avaliando o potencial genotéxico em areas sob influéncia de
termelétrica a carvao, através do ensaio Salmonella/microssoma,
e, além disso, estudos de avaliagdo de atividade mutagénica
em amostras de solo sdo escassos.

Desta forma, o objetivo deste trabalho sera avaliar o
potencial genotoxico de amostras de solo adjacentes a uma
usina termelétrica a carvao e de um depdsito de cinzas de carvao
em processo de recuperagdo através do ensaio Salmonella/
microssoma, visando a sua utilizagcdo em avaliagdes de solos
contaminados por substancias genotoxicas, como estimativa
de impacto ecoldgico com reflexos na satide humana.

Silva-Jinior & Vargas

MATERIAL E METODOS

O estudo sera realizado na area de influéncia de uma usina
termelétrica, localizada no estado do Rio Grande do Sul e
inserida na Microrregido Carbonifera do Baixo Jacui. Serao
coletadas amostras de solo em locais de amostragem, definidos
como criticos para o meio ambiente com reflexos na satde
humana. O trabalho priorizara, além do depdsito de cinzas em
recuperacdo, areas tanto em nivel de altitude superior (local
de recreagdo dentro dos limites da usina) quanto inferior a esse
(areas de mata ciliar e destinadas a agricultura adjacentes ao
empreendimento), para verificar as possiveis rotas das
substancias com atividade mutagénica, como assoreamento
do solo e efeito das chuvas ou poluigdo atmosférica advinda
das chaminés da usina.

Os locais de amostragem serdo demarcados com GPS
e definidos de forma aleatoria, 15 pontos em cada, coletados
em uma profundidade de 0-10 cm, sendo removidos os residuos
vegetais. As 15 subamostras serdo homogeneizadas a fim de
formar uma amostra composta para cada local de amostragem.
Em seguida, as amostras serdo armazenadas em frascos de vidro
a 4°C, transferidas para o laboratdrio, onde deverdo passar
pelo processo de secagem a temperatura ambiente por até 48
h, peneiradas (2 mm) e novamente acondicionadas a 4°C até
o momento da extragdo (modificado de Watanabe et al., 2000).

As amostras de solo (15 g) serdo submetidas a extragdo
organica com diclorometano (200 mL) em dois ciclos de dez
minutos pela técnica de ultra-som, sendo seus extratos pré-
filtrados, passados em coluna cromatografica com placa filtrante
contendo sulfato de sddio e celite e concentrados em rotavapor,
metodologia modificada de Tsukatani et al. (2002), pela
substituicdo do metanol pelo diclorometano, uma vez que este
solvente ¢ considerado por diversos autores como eficiente
na extracdo de contaminantes mutagénicos (Wesp ef al., 2000;
Courty et al., 2004), inclusive em misturas complexas
ambientais (Nielsen, 1992).

A partir das amostras de solo sera também feito um
solubilizado aquoso utilizando agua destilada estéril (solo:
agua, 1:2, g mL™"), para investigar principalmente a agio
genotoxica dos metais pesados. A suspensdo sera colocada no
ultra-som durante dois ciclos de 20 minutos, sendo
posteriormente centrifugada a 13.000 X g, por 15 minutos a
4°C, filtrada (0,45 micrometro), dividida em aliquotas e estocada
a 4°C para avaliagdo da genotoxicidade (Monarca et al., 2002).
Essa técnica foi escolhida por ser um procedimento
metodoldgico semelhante a extragdo organica, facilitando
comparagdes posteriores.

Para avaliar a atividade genotoxica dos extratos organicos
e do solubilizado aquoso sera empregado o ensaio Salmonella/
microssoma no procedimento de pré-incubacdo em presenga
e auséncia de fragdo de metabolizacdo hepatica (Maron & Ames,
1983). Serdo utilizadas as linhagens Salmonella typhimurium
TA98 ¢ TA97a, que detectam a a¢do de mutagénicos que causam
erro no quadro de leitura, sendo que a TA97a ¢ descrita na
literatura como mais sensivel a metais pesados (Pagano &



Avaliacio de Areas Sob a Influéncia de uma Termelétrica....

Zeiger, 1992); e a linhagem TA100, que caracteriza o efeito
de substitui¢do de pares de bases (Maron & Ames, 1983). Poderao
ser utilizadas, para melhor caracterizagio dos extratos organicos,
linhagens especificas para definir a presenca de nitroderivados:
YG1021 e YG1024 (Umbuzeiro & Vargas, 2003).

Para a avaliagdo da atividade genotoxica, a amostra sera
considerada positiva se 0 nimero de revertentes por placa da
amostra for, no minimo, duas vezes maior que o nimero de
revertentes observado no controle negativo, em presenga de
curva dose-resposta significativa testada pelo software
SALANAL (Vargas et al., 1993).

Associada ao estudo de genotoxicidade, sera realizada a
caracterizagdo quimica dos metais pesados por espectrometria
de absor¢ao atdmica e a caracterizagdo dos compostos organicos
por cromatografia gasosa acoplada ao espectrometro de massa.
As respostas obtidas a partir da caracterizagdo quimica poderao
auxiliar a interpretagdo dos resultados do ensaio bioldgico,
verificando a possivel existéncia de correlagdes entre a genotoxi-
cidade potencial e as concentragdes dos contaminantes ambientais.

RESULTADOS ESPERADOS

Os dados obtidos neste trabalho poderdo contribuir para
implementagdo do ensaio Salmonella/microssoma no biomoni-
toramento de solos contaminados por residuos de carvao no
pais, a partir da (i) investigacdo da atividade genotdxica nas
amostras coletadas no deposito de cinzas de carvdo em
recuperacao; (ii) avaliagdo do potencial genotoxico das amostras
de solo das areas sob influéncia da usina, quer seja pelo
assoreamento do solo, quer seja pela dispersdo de poluentes
na atmosfera; e (iii) verificagdo da origem predominante da
atividade genotdxica das amostras de solo, a partir da associagdo
entre estudos de caracterizagdo quimica dos principais grupos
de compostos presentes nas amostras ambientais e respostas
observadas no marcador bioldgico para genotoxicidade.

Os resultados desta pesquisa serdo divulgados na forma
de dissertagdo no Programa de Pos-Graduagdo em Ecologia
(UFRGS), artigos cientificos e apresentacdo em congressos
de areas correlacionadas.
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The publisher regrets that on page 149 and 150 of this paper there was an error in the tables. The correct tables are reproduced
below. The publisher apologizes for any inconvenience caused.

Tabela 1 — Resultados obtidos com Allium cepa na agua.

IM MC IC %RC IM MC IC %RC
Pontos de coleta .
Verao Inverno

Nascente 1,8+04 03+02 14+04° 47 18+06 05+03 2610 87
Ponto médio 1,3+08 06+02 02+0,1%° 7 1,7+04 06+03 13+05° 45
Fina 1,8+0,7 05+05 1,1+04% 38 15+0,7 04+03 0602 19
Controle negativo 15+03 04+01 3003 100 1,3+t06 04+£01 30+10 100
Controle positivo 09+03° 26+10% 07+05°% 23 04+03% 74+35% 16+04°% 55

IM: indice mitético; MC: microntcleos; |C: indice crescimento (cm); RC: crescimento em relagdo a média (%); resultado significante em
relacdo a0 controle negativo: 2P < 0,001 e P < 0,05; resultado significante em relagéo ao Ponto 1: P < 0,001.

Tabela 2 — Resultados obtidos com Allium cepa no sedimento.

IM MC IC % RC IM MC IC % RC
Pontos de coleta
Verao Inverno

Nascente 20+01 03+05 1,0+03 29 21+04 02+01 22+0,72 63
Ponto médio 19+05 04+04 05+04* 15 21+05 03+01 1,1+04%" 33
Final 18+04 02+01 05+04°%° 15 19+01 04+03 02+0,12° 6
Controle negativo 22+10 03+01 3410 100 21+10 03+0,0 3510 100
Controle positivo 09+0,7% 43+15* 11+08 62 1,0+07* 64+28 12+03 33

IM: indice mitético; MC: microntcleos; IC: indice crescimento (cm); RC: crescimento em relagdo a média (%); resultado significante em
relacéo ao controle negativo: P< 0,001; resultado significante em relacéo ao Ponto 1: °P < 0,001, °P < 0,05.

*Corresponding author: Horst Mitteregger Janior, e-mail: hjunior.couro@senairs.org.br.



202 J. Braz. Soc. Ecotoxicol., v. 2, n. 2, 2006 Mitteregger-Junior et al.

Tabela 3 — Resultados das analises fisico-quimicas da agua.

Anilises realizadas Verio Inverno Valor de
Nascente B. Rosas Final Nascente  B. Rosas Final referéncia
DQO (mg0, L™ 8 3610 350 11 172 301 405°
DBOs(mgO, L™ 8 600 170 4 85 160 5°
pH 6.8 7,1 7.8 7,0 7,7 7,6 6,0-9,0°
SST (mg L ™) 6 2909 137 17 49 128 135°
Nitrogénio total (mg L") 2°¢ 151¢ 102¢ 1€ 359 784 10°
Oleos e graxas (mg L™) 3 124 25 9 16 23 0°
Cromo total (mg L") n.d 13,0 1,5 n.d 0,69 1.4 0,05 b
Temperatura (°C) 20 22 22 13 17 14 40°
Fenois (mg L™) 0,02 0,10 0,08 n.d n.d 0,02 0,003
O.D.(mgL™) 6,0 8.8 9,6 6,1 43 8,1 >5°
B.T. (NPMorg/100 mL)* 24%x100  >24x%x10° 4,6x10° 15x10* 43x10° 43x10° 1,0x 10°°

n.d = abaixo do limite de detec¢io (cromo total — 0,01 mg L', fendis — 0,01 mg L™'); O.D. = oxigénio dissolvido; B.T. = bactérias
termotolerantes; SST = s6lidos suspensos totais; *SSMA 05/1989; "CONAMA 357/2005 — classe 2; ‘método Kjedahl; Ymétodo de Nessler.
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