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a b s t r a c t

A protocol combining acute toxicity, developmental toxicity and mutagenicity analysis in freshwater
snail Biomphalaria glabrata for application in ecotoxicological studies is described. For acute toxicity
testing, LC50 and EC50 values were determined; dominant lethal mutations induction was the endpoint
for mutagenicity analysis. Reference toxicant potassium dichromate (K2Cr2O7) was used to characterize
B. glabrata sensitivity for toxicity and cyclophosphamide to mutagenicity testing purposes. Compared to
other relevant freshwater species, B. glabrata showed high sensitivity: the lowest EC50 value was
obtained with embryos at veliger stage (5.76 mg/L). To assess the model applicability for environmental
studies, influent and effluent water samples from a wastewater treatment plant were evaluated.
Gastropod sensitivity was assessed in comparison to the standardized bioassay with Daphnia similis
exposed to the same water samples. Sampling sites identified as toxic to daphnids were also detected by
snails, showing a qualitatively similar sensitivity suggesting that B. glabrata is a suitable test species for
freshwater monitoring. Holding procedures and protocols implemented for toxicity and developmental
bioassays showed to be in compliance with international standards for intra-laboratory precision.
Thereby, we are proposing this system for application in ecotoxicological studies.

& 2014 Elsevier Inc. All rights reserved.

1. Introduction

Acute and chronic toxicity tests have been mostly used in
ecotoxicological protocols to evaluate the potential effects of environ-
mental contaminants to natural populations (Cooney, 1995). However,
with the need to assess the potential sublethal hazards to ecosystems
of pollutants at low concentrations, environmental monitoring pro-
grams have encouraged the analysis of effects on gametes, fertilization,
reproduction and embryo-larval development (Llanos-Rivera et al.,
2009). The effects on reproduction of many pollutants are unknown.
Furthermore, among the myriad of chemicals reaching the environ-
ment, some compounds classes can directly affect the reproductive

potential through the induction of mutations in germ cells (Evenden
and Depledge, 1997).

Among aquatic organisms used in ecotoxicological studies, inverte-
brates have been employed due to their importance in trophic chains
and greater sensitivity response to chemical pollutants (Achiorno et al.,
2010). Although mollusks are the second largest group in kingdom
Animalia, they have not been considered in environmental risk
assessment so far, mainly due to the lack of standardized protocols.
In this sense, gastropods, the most abundant mollusks, have been
successfully used as pollution indicators by different compound
classes, such as, metals, pesticides an important group of emerging
contaminants, called endocrine disruptors (Salice and Miller, 2003;
Oliveira-Filho et al., 2005; Matthiessen, 2008; Ansaldo et al., 2009;
Gagnaire et al., 2009; Giusti et al., 2013; Zounkova et al., 2014).

Biomphalaria glabrata freshwater snails have been studied in
many aspects because of their role as intermediate hosts of the
trematode Schistosoma mansoni. Assays with B. glabrata (Say, 1818)
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have demonstrated that this species is a good model for laboratory
and monitoring environmental studies (Verrengia Guerrero et al.,
1997; Abd Allah et al., 1999; Cochón et al., 2007; Kristoff et al.,
2010). Biomphalaria shows wide geographical distribution, low
dispersion and is easily collected. Snails need little space and
exposure systems require relatively small quantities of test sam-
ples for analysis hence contributing to reduced costs of aquatic
in vivo evaluations. Snails can reproduce throughout the year
under controlled conditions and have a short life span: an egg-to-
egg monitoring can be done in two months in B. glabrata. Being a
simultaneous hermaphrodite, different reactions in both sexes do
not occur (Nakano et al., 2003). B glabrata embryos constitute a
good system for studying developmental toxicity. Almost daily,
about 20–50 eggs are placed one by one in a single layer forming a
transparent plurioval egg capsule allowing the visualization of the
embryos throughout development, which takes around seven to
nine days at 25 1C. The normal embryonic development has been
described in detail (Camey and Verdonk, 1970) and showed well-
defined and easily recognizable stages, allowing the detection of
morphogenetic effects. This species has been successfully used in
our laboratory for more than 30 years to evaluate effects of
chemical and physical agents, analyzing aspects such as mortality
index, alterations in embryonic development, chromosome aber-
rations and DNA damage (Kawano et al., 1979; Kawano and
Simões, 1986; Okazaki et al., 1996) More recently, studies have
been done on the use of the species as a bioindicator for
ecotoxicological studies (Nakano et al., 2003; Tallarico et al.,
2004; Estevam et al., 2006; Grazeffe et al., 2008). We demon-
strated that B. glabrata can absorb and activate chemical mutagens
from the aquatic environment. The dominant lethal test was
established in snails with mitomycin C and cyclophosphamide.
This system was efficient, specific and sensitive in the evaluation
of germ cell mutations, an important endpoint to assess the effects
on reproductive potential of populations (Nakano et al., 2003),
including a mutagenicity test to the model.

In the present study, two compounds were chosen to the
establishment of B. glabrata as a model for ecotoxicological tests.
First of all, in the evaluation of the organism for acute toxicity testing,
a reference toxicant, which is a standard chemical, with well-
established chemical characteristics, stability, solubility and toxicity
was used. These compounds are known as reference substances, and
used as positive control, using a series of multiple concentrations,
detecting effects outside the normal range (Rand et al., 1995). Several
organics and inorganics compounds, are indicated to be used as
reference substances in sensitivity tests. According to Environment
Canada (1990), the most suitable reference toxicants for a wide
variety of tests are two organics (sodium pentachlorophenate and
phenol) and two inorganics (hexavalent chromium and zinc). In this
sense, potassium dichromate was used to establish the control chart
to B. glabrata (Tallarico et al., in press) and to evaluate the suitability
of candidate organisms for toxicity testing. Cyclophosphamide was
selected as the positive control for the induction of mutations. This
compound is a nitrogen mustard used as antineoplasic in the
treatment of cancer (Korolkovas and Burckhalter, 1988; Calabresi
and Chabner, 1990) and already used in other studies with aquatic
snails (Singh and Agarwal, 1981; Nabih and El Hamid, 1984). In the
dominant lethal test, cyclophosphamide was used as the reference
mutagen to show that the snails could metabolically activate indirect
mutagens (Nakano et al., 2003).

In the present study, we developed a protocol combining techni-
ques for acute toxicity assessment, developmental toxicity and
mutagenicity for B. glabrata. Further, influents and effluents water
samples from a Wastewater Treatment Plant (WWTP) were evalu-
ated to assess the applicability of the model for testing purposes.

The relevance of the data obtained in this work is associated to
the site selected for the study. The WWTP (Suzano municipality) is

located near to the source of the Tietê River. A large amount of
complex effluents is released in the Suzano WWTP, the influent is
represented by domestic sewage, industrial effluents, and waste
from septic tanks and landfill leachate. In addition, the treated
effluents are released in the river. With great historic and eco-
nomic importance for the country, this river crosses the São Paulo
state and metropolitan area. Although contaminated, the river still
participates in the development of the region and its waters are
used in supplying and production of electricity, which warrants
studies aimed at its preservation, with reduction of organic and
toxic loads.

2. Materials and methods

Two experiment series were performed: 1—to characterize the
sensitivity of B. glabrata for toxicity testing purposes, adult snails
and embryos were exposed to the reference toxicant, chromium; 2
—to assess the applicability of the model for ecotoxicological
studies, water samples were assessed for toxicity, developmental
effects and mutagenicity.

2.1. Test substances and surface water samples

Potassium dichromate [7778-50-9] (K2Cr2O7, Merck, PA 99.5
percent) was used as a reference toxicant to standardize the
sensitivity assay, as recommended by US EPA (1993). Potassium
dichromate is a reddish-orange compound containing the three
elements potassium (26.58 percent), chromium (35.35 percent),
and oxygen (38.07 percent). Each 2.829 g of potassium dichromate
contains one gram of the element chromium. Cyclophosphamide
[6055-19-2] (C7H15Cl2N2O2P �H2O, Sigma Aldrich), previously estab-
lished as an inducer of dominant lethal mutations in B. glabrata
(Nakano et al., 2003), was the reference mutagen.

The sampling site for the environmental study was located in
Suzano, metropolitan region of São Paulo, and comprises the
Suzano Wastewater Treatment Plant (WWTP) (Fig. 1). The water
treatment in the WWTP is based on activated sludge (secondary
level) with an average flow of 800 L/s. The system was projected
for sewage, although it receives several hard industrial effluents.

Surface water samples were taken in: I—August 2006, II—
February 2007, III—August 2007 and IV—March 2008; these
samplings were chosen to include both high and low pluviometric
gradient Four sites were selected: (S0) Ponte Nova Dam (Sales-
ópolis City, near to the river source)–negative control, (S1) 200 m
upstream of the plant, (S2) WWTP influent (collected at the
medium grids), (S3) treated wastewater (effluent) and (S4)
200 m from the discharge of the effluent in the Tietê River
(Fig. 1). Sampling, physical chemical analysis and transportation
were carried out by SABESP (Basic Sanitation Company of the State
of Sao Paulo). Composed samples (24 h) of 20 L were prepared by
SABESP for influent and effluent samplings. The company per-
forms a continuous monitoring of the physical–chemical analysis
(pH, water and air temperature, conductivity, oxygen dissolved,
biochemical and chemical oxygen demand, nitrogen, total solids
and total organic carbon) and the results were previously
described by Hamada et al. (2011).

2.2. Test organisms

Adults and egg masses were obtained from a population of
pigmented wild-type strain of B. glabrata originally from Barreiro
de Baixo (Minas Gerais, Brazil) and a non-pigmented albino strain
from Amaralina (Bahia, Brazil), reared under laboratory conditions
for more than 30 years. The snails are maintained, with a
maximum of 50 individuals, in plastic aquaria (50�23�17 cm)
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with 20 L of filtered, dechlorinated and aerated water. The feeding
is fresh lettuce ad libitum and a balanced diet. The room tem-
perature is at 25721 C with a 12 h light period. The culture
rotations are realized weekly, removing the egg masses deposited
in the aquaria.

2.3. Toxicity testing

Acute toxicity assays were performed with adult snails and
embryos. They were exposed to chromium and environmental
water samples during 24 h to determine LC50 (concentration lethal
to 50 percent of the exposed organisms) to adults and EC50 values
to embryos (median effective concentration in terms of lethality
and malformations).

Regarding the assays with environmental effluents, the criteria
established for classifying the acute toxicity based on LC50 and
EC50 values were adapted from Arkhipchuk et al. (2006), classify-
ing the intensity of toxic effects based on lethality and embry-
onic malformations as endpoints as following: (1) Non-toxic: 100
percent of effluent, (2) Slightly toxic: 99–50 percent, (3) Toxic: 49–
20 percent and (4) Highly toxic: o20 percent.

2.3.1. Adult snails toxicity assay
Adult snails at least two months old and with a minimal shell

diameter of 10 mm and were not fed 24 h before test start. The
mortality before assay start should not exceed 10 percent. Toxicity
assays were conducted at 2572 1C with a 12 h light period for
24 h with ten snails of 10–13 mm shell diameter in 180 mL glasses.
Preliminary bioassays with 50, 100 and 200 mg/L were done to
determine the range of toxicant concentrations to be used and to
define further experimental conditions (data not shown). In the
definitive assay, animals were exposed to chromium at selected
concentrations of 25, 50, 75, 100, 150 and 200 mg/L prepared by
dilution of a stock solution with filtered and dechlorinated tap
water. For effluents and influents, concentrations of 10, 25, 50 and
75 percent were selected based on preliminary experiments with
50 percent dilution and with the raw samples. A negative control

group was maintained in filtered and dechlorinated tap water
under the same experimental conditions.

After 24 h of exposure, snails were washed and observed daily
(24, 48, 72, 96 and 168 h). Mortality and abnormal responses, as
retraction or extending of body and release of mucus and hemo-
lymph, were recorded at each observed time. Usually, the average

Fig. 2. (A) Spawning of Biomphalaria glabrata, embryonic developmental stages—
(B) Blastulae, (C) Gastrulae, (D) Trochophore and (E) Veliger stages.

Fig. 1. Map showing the Tietê River in São Paulo State (Brazil), Suzano Wastewater Treatment Plant (WWTP), (S0) Ponte Nova Dam (Salesópolis City) and flowchart of the
fluid portion of the WWTP with the sites sampled: (S1) 200 m upstream of the plant, (S2) WWTP influent, (S3) effluent and (S4) 200 m from the discharge of the effluent in
the Tietê River (Adapted from Cutolo et al. (2006), Rocha et al. (2009).
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duration of acute toxicity tests is 96 h. To check for further effects,
we extended the analysis for 7 days after the end of the exposure.
Death was ascertained by the absence of heart beatings for 2 min.
A pale color of the shell as consequence of hemolimph loss was
also observed after death. All experiments were repeated three
times. Toxicity was assessed by recording the number of viable
organisms at different concentrations of chromium and tested
samples. All results are expressed as LC50 (lethal concentration)
values, the concentration that affected 50 percent of the organisms
tested in different concentrations of chromium and water samples.

2.3.2. Developmental toxicity assay
Transparent plastic sheets served as substrate for oviposition.

Each snail lays one egg-mass with a variable number of eggs
(15–50/animal/day) (Fig. 2A). Non damaged egg masses were
collected and maintained in Petri dishes with filtered and
dechlorinated tap water. Egg masses were observed with a
stereomicroscope and classified according to the developmental
stage. Egg masses with embryos at blastulae (0–15 h after the first
egg cleavage), gastrulae (24–39 h), trocophore (48–87 h) and
veliger (96–111 h) stages, according to Camey and Verdonk
(1970) (Fig. 2B to E), were exposed to chromium and to water
samples during 24 h. The entire B. glabrata embryonic develop-
ment occurs in 8 days. Egg masses assays were conducted at
2572 1C with a 12 h light period.

Based on LC50 values for adult snails, embryos were exposed to
chromium concentrations of 1.30, 3.13, 6.25, 12.50, 25 and 50 mg/L.
Regarding the tests with water samples, preliminary assays with
raw samples of the WWTP and Tietê River water samples were
done with embryos; the influent sample (S2) was diluted to 25, 35,
40, 50, 60, 75 and 100 percent. A control group was maintained in
filtered and dechlorinated tap water at the same experimental
conditions. Approximately five egg masses (with a minimum of
the 100 embryos in total) of each stage were exposed to the
solutions. At the end of exposure, egg masses were washed with
dechlorinated tap water and observed daily for sublethal (mal-
formation effects) and lethal effects during eight days.

Effects on embryonic development were classified according
the following criteria:

– Dead: embryos that died before hatching;
– Malformed: embryos with multiple affected structures, pre-

senting abnormal developmental stage, usually classified as
teratomorphic or hydropic;

– Normal: embryos without anatomic anomalies, which showed
regular development.

The rate of affected embryos was used to estimate the median
effective concentration (EC50) values. Assays were repeated three
times with approximately 100 embryos for each concentration.
The sum of dead and malformed embryos was used to estimate
the EC50 values.

2.4. Mutagenicity testing

2.4.1. Dominant lethal test
The protocol for the dominant lethal test was standardized

with the reference mutagens cyclophosphamide, mitomycin C
(Nakano et al., 2003) and ionizing radiation (Tallarico et al.,
2004). Briefly, wild-type snails are exposed to the test agents or
samples and crossed with non-exposed albino snails at different
times after exposure. The frequencies of malformations in the
heterozygous progeny of non-exposed albino snails indicate the
induction of lethal dominant mutations.

All snails used in the experiments were selected by previous
analysis of background frequencies of embryonic malformations
described by Nakano et al. (2003).

The results obtained in the acute toxicity assays with environ-
mental samples were used to determine the concentration range
for the dominant lethal test. Snails were exposed to raw samples
in all assays, except first sampling (I) of S2 assessment because the
storage time had exceeded the limit recommended by ISO-10 706
(2000). The second sampling (II) of S2 was diluted to 25 and 50
percent, and the third sampling (III) was diluted to 1 and 5 percent
because this sample shown to be more toxic to snails than second
(II) in acute toxicity assay. A negative control group was kept in
filtered and dechlorinated tap water; cyclophosphamide was used
as in the positive control group.

Three groups of 10 adult wild-type snails were exposed to the
samples for 7 days. Animals were fed daily with fresh lettuce
during the exposure period. Twenty-four hours after the end of
the exposure, each wild-type snail was put together with a non-
exposed albino snail for 24 h in individual aquaria (pairing) with
perforated covers to allow breathing. Animals are crossed with
albino snails at different intervals to evaluate the effects in the
germ cells at the different stages of spermatogenesis (10, 17, 24, 31,
38, 45, 52 and 59 days), according to Tallarico et al. (2004). After
this period, animals were isolated and egg capsules were collected
from albino snails. To evaluate the effects on crossing rates,
numbers of effective crossings, that is, albino snails that produced
heterozygous embryos were compared among the different
groups.

Egg capsules were collected daily. Plastic sheets were placed on
the water surface to propitiate oviposition and egg capsules were
then transferred to cell culture plates and maintained in climatic
chambers at 25 1C until the end of the analysis. After a crossing
between homozygous wild-type snails and albino snails, both
groups of animals produce embryos; for this study, only the
offspring of the albino snails was analyzed. Among the offspring
of the albino snails, the following types of embryos are produced:
(i) heterozygous wild-type embryos produced by cross-
fertilization and (ii) albino embryos produced by self-fertilization
or by cross-fertilization with other albino snails before the onset of
the experiment. Phenotypically wild-type embryos can be identi-
fied among the offspring of albino snails by the presence of
pigmentation in the eyes, visible from the fourth day on of
embryonic development. Thus, we analyzed the wild-type
embryos, originated from sperm of the exposed wild-type snails;
albino embryos were discarded.

Embryonic malformations analyses were conducted following a
procedure previously reported (Nakano et al., 2003). Embryos
were observed for eight days from the beginning of the develop-
ment until nearly hatching using a stereomicroscope (Leica). The

Table 1
Effect of potassium dichromate (K2Cr2O7) in Biomphalaria glabrata adults exposed
for 24 h.

Concentration
(mg/L)

Mortality Total (%) Mean7SD LC50

(mg/L)
(CI)Exp 1 Exp 2 Exp3

200 10 10 10 30 (100) 1070.00
150 10 9 10 29 (96.67) 9.6770.58
100 4 3 3 10 (33.33) 3.3370.58 97.07
75 3 3 1 7(23.33) 2.3371.15 (80.07–

117.74)
50 2 1 1 4 (13.33) 1.3370.58
25 0 2 0 2 (6.67) 0.6771.15
0 0 0 0 0 (0.00) 0.0070.00

LC50¼50% lethal concentration; CI¼confidence intervals; SD¼standard deviation.
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number of teratomorphic or hydropic wild-type embryos – in
which multiple structures are affected – was scored among the
offspring of albino snails. All analyses were carried out in coded
scoring.

2.5. Statistical analysis

Median lethal concentration (LC50) and median effective con-
centration (EC50) for chromium, as well as the samples tested in B.

glabrata adults and embryos, including the 95 percent confidence
intervals were estimated using Trimmed Spearman–Karber
method (Hamilton et al., 1977).

3. Results

Results of the experiments with B. glabrata adults and embryos
exposed to chromium are shown in Tables 1 and 2. Fig. 3A and B

Table 2
Effects of potassium dichromate (K2Cr2O7) in Biomphalaria glabrata embryonic stages exposed for 24 h. The results are expressed as the sum of the three assays.

Embryonic
stages

Concentration
(mg/L)

Number of
embryos

Dead embryos
(%)

Malformed embryos
(%)

Total of affected embryos
(%)

Mean7SD EC50 (mg/L)
(CI)

Blastulae 50.00 325 325 (100.0) 0 (0.00) 325 (100.0) 108.3372.52 20.37
25.00 325 118 (36.31) 127 (39.09) 245 (75.38) 81.67714.43 (19.17–21.63)
12.50 349 7 (2.01) 7 (2.01) 14 (4.02) 4.6774.16
6.25 320 0 (0.00) 0 (0.00) 0 (0.00) 0.0070.00
3.13 326 2 (0.61) 0 (0.00) 2 (0.61) 0.6771.15
1.30 320 0 (0.00) 0 (0.00) 0 (0.00) 0.0070.00
0.00 313 1 (0.32) 0 (0.00) 1 (0.32) 0.3370.58

Gastrulae 50.00 329 329 (100.0) 0 (0.00) 329 (100.0) 106.3377.09 17.59
25.00 308 103 (33.44) 157 (50.97) 260 (84.41) 86.67716.04 (16.55–18.71)
12.50 322 5 (1.55) 44 (13.66) 49 (15.21) 16.33711.24
6.25 329 1 (0.30) 0 (0.00) 1 (0.30) 0.3370.58
3.13 316 0 (0.00) 0 (0.00) 0 (0.00) 0.0070.00
1.30 336 0 (0.00) 0 (0.00) 0 (0.00) 0.0070.00
0.00 307 2 (0.66) 0 (0.00) 2 (0.66) 0.6771.15

Trochophore 50.00 339 339 (100.0) 0 (0.00) 339 (100.0) 113.00712.77 11.04
25.00 312 233 (74.78) 54 (17.30) 287 (81.51) 95.67711.15 (10.26–11.88)
12.50 311 69 (22.19) 151 (48.55) 220 (70.74) 73.33731.50
6.25 333 9 (2.70) 25 (7.51) 34 (10.21) 11.33716.29
3.13 334 0 (0.00) 3 (0.90) 3 (0.90) 1.0071.73
1.30 312 0 (0.00) 0 (0.00) 0 (0.00) 0.0070.00
0.00 305 0 (0.00) 0 (0.00) 0 (0.00) 0.0070.00

Veliger 50.00 308 308 (100.0) 0 (0.00) 308 (100.0) 102.6771.53 5.76
25.00 309 309 (100.0) 0 (0.00) 309 (100.0) 103.0073.61 (5.14–6.06)
12.50 316 208 (65.82) 77 (24.37) 285 (90.19) 95.0072.65
6.25 322 24 (7.45) 198 (61.49) 222 (68.94) 74.00724.58
3.13 321 21 (6.54) 10 (3.12) 31 (9.66) 10.33711.68
1.30 314 2 (0.64) 0 (0.00) 2 (0.64) 0.6771.15
0.00 301 0 (0.00) 0 (0.00) 0 (0.00) 0.0070.00

EC50¼50% lethal concentration; CI¼confidence intervals; SD¼standard deviation.

Fig. 3. Biomphalaria glabrata embryos in static assay (24 h exposure) observed daily during 8 days. (A) and (B) Embryos exposed to chromium (K2Cr2O7); (C) to (F) Embryos
exposed to WWTP influent (S2). Normal embryo (ne), dead embryos (de), developmental delay (dd), shell malformation (sm) and abnormal development, denominated
teratomorphic or hydropic embryos (te).
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show the teratomorphic embryos after exposure to salt. For adult
snails, the 24 h LC50 of chromium was 97.07 mg/L (80.07–
117.74 mg/L) (Table 1). Snails exposed to the highest concentration
presented behavioral changes, such as the attempting to escape
from the exposure solution and mucus release. Moreover, with
50 mg/L, unlike observed in the other groups, the surviving
animals did not resume normal reproductive activity, as can be
seen by the lack of egg masses.

Embryos at the veliger stage were seventeen times more sensi-
tive to chromium than adults. The chromium salt promoted an
increase in the occurrence of malformed embryos and lethality in all
stages of B. glabrata. Embryos exposed after gastrulation showed
higher rates of malformations, the veliger stage was the most
susceptible to the substance, showing lethality at lower concentra-
tions–9.66 percent with 3.13 mg/L. At veliger stage, embryos were
three times more sensitive to chromium than those at blastulae
stage. The EC50 values were 20.37 mg/L (19.17–21.63 mg/L) for
blastulae, 17.59 mg/L (16.55–18.71 mg/L) for gastrulae, 11.04 mg/L
(10.26–11.88 mg/L) for trochophore and 5.76 mg/L (5.14–6.06 mg/L)
for veliger stages (Table 2).

Table 3 shows the data from the study with water samples.
Each sample was tested in embryos and adult snails. Samples from
the Ponte Nova Dam (S0), Tietê River upstream (S1) and down-
stream (S4) did not show acute toxicity to adults and embryos of B.
glabrata. The WWTP influent (S2) showed acute toxicity to B.
glabrata adult snails in the samplings II and III; sampling II was
toxic to snails (LC50¼41.25 percent) and sampling III was slightly
toxic (LC50¼84.16 percent) and no toxicity was observed in the
sampling IV.

Samplings I and III induced similar effects to embryos. Embryos
were more sensitive than adult snails to the WWTP influent in
these samplings considering the developmental stage. The influent
was classified as toxic to embryos at blastulae, 43.04 percent
(I) and 48.24 percent (III); and at gastrulae, 41.56 percent (I) and
43.71 percent (III). The influent was slightly toxic for embryos at
trochophore, 57.16 percent (I) and 55.43 percent (III); and at
veliger stage, 60.06 percent (I) and 62.64 percent (III) (Table 3).
The sensitivity was inversely proportional to the developmental
stage: the veliger stage was 20 percent less sensitive than
blastulae and gastrulae. The influent promoted, in most cases,
unspecific abnormal development, with teratomorphic embryos
(Fig. 3C, E and F). Some embryos showed developmental delay
(Fig. 3C) and shell malformation (Fig. 3D). All embryos exposed to
S2 samples died (Fig. 3D and E). In the second sampling (II), the
influent (S2) was toxic only to adults (LC50 of 41.25 percent).

The environmental water samples did not induce dominant
lethal mutations in B. glabrata in all samplings. The frequencies of
non-viable embryos – total of dead and malformed embryos – in
offsprings of non-exposed albino snails crossed with wild-type
snails after exposure to environmental samples remained below
5 percent, which is established as the background level for
experiments with embryos. In all experiments, dominant lethal

mutations were induced by the reference mutagen cyclopho-
sphamide (500 mg/L and 1000 mg/L); the frequencies of malfor-
mations were between 6.43 and 52.38 percent.

4. Discussion

Freshwater snails have shown to be suitable for water monitor-
ing. In this sense, we proposed a protocol combining acute toxicity,
developmental toxicity and mutagenicity analysis using B. glabrata
adults and embryos as a test organism. The standardization and
validation of this native species for ecotoxicological studies are
relevant, mainly for Latin American where policies and regulations
regarding the environment are still quite underdeveloped com-
pared to the others countries. Furthermore, water samples from
Suzano WWTP were analyzed to verify the potential of snails as
bioindicator for environmental analyses.

Hexavalent chromium has been widely investigated for toxicity
and used as reference substance in ecotoxicological studies to
different aquatic organisms; however, there are few studies on
freshwater snails and embryos (Ravera, 1977; Coeurdassier et al.,
2005; Factor and Chavez, 2012). Regarding species from different
taxonomic groups, Ceriodaphnia rigaudi and Bosmina longirostris
are among the freshwater invertebrates most sensitive to Cr (48-h
LC50 of 0.002 mg/L and 96-h LC50 of 0.05 mL/mL, respectively)
(Achiorno et al., 2010). The 48-h LC50 for Daphnia similis was
0.027 mg/L (Rodgher et al., 2010). Direct comparisons of our
results on B. glabratawith these data should be made with caution,
since we have used 24 h exposure time. Nevertheless, B. glabrata
embryos at veliger stage were as sensitive as the microcrustaceans
Bryocamptus minutus and Attheyella crassa (96-h LC50 values of
3.56 mg/L and 3.82 mg/L, respectively), even considering the lower
exposure time of B. glabrata assays.

Mechanisms determining chemicals toxicity in snails are still
poorly understood, as well as those involved in the induction of
developmental effects in these species. In general, embryos and
adult Biomphalaria snails show different sensitivities depending on
the chemical nature of the tested agent (Oliveira-Filho et al., 2005;
Rapado et al., 2011). To reach the embryos, molecules should
penetrate the egg gelatinous capsule and the egg membrane, which
is influenced by characteristics as solubility, polarity, and molecule
size (Miyasato et al., 2012). Wastewater frequently contains apolar
compounds or substances not water-soluble, making the egg capsule
penetration difficult to occur. The absense of toxic effects of WWTP
influent on embryos in the sampling II, ranked as toxic for adult
snails, could be explained by these factors.

Lack on information is also remarkable regarding the effects of
chemicals on different developmental stages of mollusks. Embryos
can also show a differential sensitivity depending on the devel-
opmental stage (Kawano and Simões, 1986) and the studies are
limited to blastulae and juveniles (Salice and Roesijadi, 2002;
Khangarot and Das, 2010; Bandow and Weltje, 2012). In this way,

Table 3
Adults and embryos of Biomphalaria glabrata exposed to influent samples of the municipal wastewater system (S2).

Samplings Biomphalaria glabrata–24 h

Adults LC50 (%) (CI) Blastulae EC50 (%) (CI) Gastrulae EC50 (%) (CI) Trochophore EC50 (%) (CI) Veliger EC50 (%) (CI)

I 4100 43.04 41.56 57.16 60.06
(–) (41.92–44.19) (41.20–41.91) (55.78–58.58) (59.36–60.76)

II 41.25 (32.61–52.18) NT NT NT NT
III 84.16 48.24 43.71 55.43 62.64

(75.34–94.02) (47.17–49.34) (42.39–45.06) (54.16–56.73) (61.55–63.75)
IV NT NT NT NT NT

Samplings I–08/2006; II–02/2007; III–08/2007; IV–03/2008; CI–confidence intervals; LC50–50% lethal concentration; EC50–50% effective concentration; NT–non toxic.
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the responses in all developmental stages appear to require more
complex explanation and require more investigation.

Frequently, disturbances in the early development frequently
lead to arrested development and inviability (Arner et al., 2009).
This was observed in our study with embryos at blastulae and
gastrulae exposed to WWTP influent. Embryos at gastrulae stages
presented the highest rates of malformation that led to death
promptly. On the other hand, embryos at veliger stage were the
most sensitive to chromium, showing a developmental delay,
leading to death with lower concentrations. Chromium was both
embryolethal and teratogenic to B. glabrata embryos; at this
valency state (hexavalent chromium), chromium is highly soluble
and can be easily absorbed, passing the cells membrane and
crossing the shell surface and the body of embryos and adult
snails. The mechanisms by which chromium salts exert teratogenic
action may be attributed to the mitosis inhibition of chromium
compounds by interacting with DNA, which occurs during reduc-
tion of hexavalent chromium to trivalent chromium process, Cr
(V) produced from the reduction of Cr (VI) reacted with hydrogen
peroxide to generate hydroxyl radical via Fenton-like reactions
(Borthiry et al., 2007). These highly reactive radical species
released are capable of causing DNA damage (Asmatullah and
Shakoori, 1998).

The analysis of available organic compounds performed by
SABESP as routine showed that some compounds as tetrachlor-
oethene, ethylbenzene, m,p-xylene and xylene have remained in
water after the influent treatment, in concentrations not negligible.
These compounds are used in different industries, with applications
ranging of solvents, dyes, paints, pesticides, pharmaceuticals, deter-
gents, plasticizers, e.g. However, in general, most organic com-
pounds were within the permissible limits of the Brazilian National
Environmental Council resolution (CONAMA, 2005). Other para-
meters were analyzed by SABESP. Regarding temperature, a low
variation inwater river samples, influent and effluent was observed,
with values between 18 1C and 22 1C. These temperatures are
suitable for the organic matter biodegradation in the water
(between 10 1C to 30 1C). The pH showed similar values, ranging
from 7.12 to 7.27 in samples of river water and 7.35 to 8.18 in the
effluent. pH control in wastewater is recommended, as well
as adjustment, when necessary, because it is an important environ-
mental variable. The great majority of living organisms require a pH
within the range of neutrality (6 to 8), and also, an ideal pH for
biodegradation is near neutral (Cooney, 1995; Chasin and Pedrozo,
2004).

In organic matter control large variations in BOD values were
observed, both upstream as downstream. Moreover, 33 ppm was
the average concentration in the final effluent (S3), representing
values up to ten times lower as compared with those observed in
the influent (S2), with average of 354 ppm. These results show the
relevance of the treatment in the removal of organic matter. From
a legal standpoint, the WWTP meets the requirement of reducing
80 percent of BOD, resulting in values below the maximum
allowable limit of 60 ppm of oxygen to enable the biodegradation
of organic matter.

Snail sensitivity was demonstrated in comparison to the stan-
dardized bioassay with Daphnia similis, a recommended test organ-
ism in ecotoxicological studies in Brazil (ABNT, 2004), exposed to
the same water samples as described by Hamada et al. (2011). In
this study, the acute toxicity was removed after secondary treat-
ment and samples from the final WWTP effluent (S3) did not
exhibit effect on B. glabrata adults and embryos. Biological treat-
ment effectiveness at the WWTP could also be observed for the D.
similis: S3 samples were nontoxic for microcrustaceans in all
samplings with the exception of the sampling IV, which was slightly
toxic (EC50 (I)¼75 percent). Regarding the performance and sensi-
tivity of the proposed bioassays, there was a good correlation with

validated assays: the acute toxicity for B. glabrata was qualitatively
similar to that obtained with D. similis.

The lack of mutagenicity in the dominant lethal test suggests that
possible mutagenic contaminants present in the samples were not
bioavailable or they were protected by adsorption onto the sediments.
This is a pioneer study with mutagenicity testing with an aquatic
species; furthermore, there are no data on mutagenicity of environ-
mental samples for this area. The only assessment was made by
CETESB (2008) where no mutagenicity was detected in the Ames test
in the same period studied, and our results are in agreement with the
CETESB data.

In the present study, the dominant lethal test in B. glabrata was
applied for the first time to the mutagenicity assessment of real
samples of a wastewater treatment plant influent, effluent and
downstream water. The results showed that studies of environ-
mental samples containing complex mixtures of substances are
possible in freshwater snails and demonstrated the relevance of
establishing B. glabrata as a suitable organism to environmental
mutagenicity studies.

5. Conclusion

From the data obtained in this study, we concluded that the
protocol combining acute toxicity, developmental toxicity and
mutagenicity analysis in B. glabrata was effective for the assess-
ment of environmental water samples. The use of a representative
species with ecological significance for aquatic environment is a
necessary tool for monitoring chemical mixtures and wastewaters.
Moreover, the standardization of assay in embryos provides end-
points for the aquatic life risk assessment and protection.

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgments

The study was supported by São Paulo Research Foundation
(FAPESP grant no. 05/60237-8) and National Counsel of Technolo-
gical and Scientific Development (CNPq grant no. 141951/2005-2).
The authors thank Basic Sanitation Company of the State of São
Paulo (SABESP) for sample collection and partnership. The authors
are grateful to Cristina Antonia Alba de Albuquerque for the
technical assistance.

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ecoenv.2014.09.005.

References

Abd-Allah, A.T., Thompson, S.N., Borchardt, D.B., Wanas, M.Q.A., 1999. Biomphalaria
glabrata: a laboratory model illustrating the potential of pulmonate gastropods
as freshwater biomonitoring of heavy metal pollutants. Malacologia 41 (2),
345–353.

ABNT Associação Brasileira de Normas Técnicas, 2004. Ecotoxicologia aquática –

Toxicidade aguda – Método de ensaio com Daphnia ssp (Cladocera, Crustacea).
ABNT NBR 12713. Rio de Janeiro, 21 pp.

Achiorno, C.L., Villalobos, C., de, Ferrari, L., 2010. Validation test with embryonic and
larval stages of Chordodes nobilii (Gordiida, Nematomorpha): sensitivity to
three reference toxicants. Chemosphere 81, 133–140.

Ansaldo, M., Nahabedian, D.E., Di Fonzo, C., Wider, E.A., 2009. Effect of cadmium,
lead and arsenic on the oviposition, hatching and embryonic survival of
Biomphalaria glabrata. Sci. Total Environ. 407 (6), 1923–1928.

L.d.F. Tallarico et al. / Ecotoxicology and Environmental Safety 110 (2014) 208–215214

http://dx.doi.org/10.1016/j.ecoenv.2014.09.005
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref777
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref777
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref777
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref777
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref1
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref1
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref1
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref2
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref2
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref2


Arkhipchuk, V.V., Blaise, C., Malinovskaya, M.V., 2006. Use of hydra for chronic
toxicity assessment of waters intended for human consumption. Environ.
Pollut. 142, 200–211.

Arner, J., Vila, P., Plautz, C.Z., 2009. Effects of local water contaminants on the
development of aquatic organisms. Sujur 1, 12–26.

Asmatullah, S.N.Q., Shakoori, A.R., 1998. Hexavalent chromium-induced congenital
abnormalities in chick embryos. J. Appl. Toxicol. 18 (3), 167–171.

Bandow, C., Weltje, L., 2012. Development of an embryo toxicity test with the pond
snail Lymnaea stagnalis using the model substance tributyltin and common
solvents. Sci. Total Environ. 435-436, 90–95.

Borthiry, G.R., Antholine, W.E., Kalyanaraman, B., Myers, J.M., Myers, C.R., 2007.
Reduction of hexavalent chromium by human cytochrome b5: generation of
hydroxyl radical and superoxide. Free Radical Biol. Med. 42, 738–755.

Calabresi, P., Chabner, B.A., 1990. Fármacos Antineoplásicos. In: Goodman, L.S.,
Gilman, A. (Eds.), As Bases Farmacológicas da Terapêutica. MacMillan, New
York, pp. 805–840.

Camey, T., Verdonk, N.H., 1970. The early development of the snail Biomphalaria
glabrata (Say) and the origin of the head organs. Neth. J. Zool. 20, 93–121.

Chasin, A.A.M., Pedrozo, M.F.M., 2004. O Estudo da Toxicologia. In: AZEVEDO, F. A.;
CHASIN, A. A. M.; As bases toxicológicas da Ecotoxicologia. Ed. Rima e InerTox,
São Carlos e São Paulo, p. 1-25.

Cochón, A.C., Della Penna, A.B., Kristoff, G., Piol, M.N., De Viale, San Martín,
Verrengia Guerrero, N.R., L.C., 2007. Differential effects of paraquat on oxidative
stress parameters and polyamine levels in two freshwater invertebrates.
Ecotoxicol. Environ. Saf. 68 (2), 286–292.

Coeurdassier, M., De Vaufleury, A., Crini, N., Scheifle,r, R., Badot, P., 2005. Assess-
ment of whole effluent toxicity on aquatic snails: bioaccumulation of Cr, Zn,
and Fe, and individual effects in bioassays. Environ. Toxicol. Chem. 24 (1),
198–204.

CETESB Companhia de Tecnologia de Saneamento Ambiental, 2008. Relatório de
Qualidade das águas Interiores no Estado de São Paulo, 2007. São Paulo.

CONAMA Conselho Nacional do Meio Ambiente, 2005. Ministério do Meio
Ambiente; Resolução N1 357, 17 de março.

Cooney, J.D., 1995. Freshwater tests. In: RAND, G.M. (Ed.), Fundamentals of Aquatic
Toxicology: Effects, Environmental Fate and Risk Assessment. Taylor & Francis,
Washington, D. C., pp. 71–102.

Cutolo, S.A., Matté, M.H., Rocha, A.A., 2006. Monitoring of parasitological contam-
ination in treated wastewater from activated sludge system. Manage. Environ.
Qual. Int. J. 17 (1), 43–56.

Environment Canada, 1990. Guidance Document for Control of Toxicity Test
Precision Using Reference Toxicants Guidance Document on Control of Toxicity
Test Precision Using Reference Toxicants. EPS1/RM/12.

Estevam, E.C., Nakano, E., Kawano, T., Pereira, C.A.B., Amancio, F.F., Melo, A.M.M.A.,
2006. Dominant lethal effects of 2,4-D in Biomphalaria glabrata. Mutat. Res. 611,
83–88.

Evenden, A.J., Depledge, M.H., 1997. Genetic susceptibility in ecosystems: the
challenge for ecotoxicology. Environ. Health Perspect. 105 (4), 849–854.

Factor, C.J.B., Chavez, E.R.C., 2012. Toxicity of arsenic, aluminum, chromium and
nickel to the embryos of the freshwater snail, Radix quadrasi von Möellendorf
1898. Philipp. J. Sci. 141 (2), 207–216.

Gagnaire, B., Gagné, F., André, C., Blaise, C., Abbaci, K., Budzinski, H., Dévier, M.H.,
Garric, J., 2009. Development of biomarkers of stress related to endocrine
disruption in gastropods: alkali-labile phosphates, protein-bound lipids and
vitellogenin-like proteins. Aquat. Toxicol. 92 (3), 155–167.

Giusti, A., Leprince, P., Mazzucchelli, G., Thomé, J., Lagadic, L., Ducrot, V., Joaquim-
Justo, C., 2013. proteomic analysis of the reproductive organs of the hermaph-
roditic gastropod Lymnaea stagnalis exposed to different endocrine disrupting
chemicals. PLoS One 8 (11) (e81086 1-14).

Grazeffe, V.S., Tallarico, L.F., Pinheiro, A.S., Kawano, T., Suzuki, M.F., Okazaki, K.,
Pereira, C.A.B., Nakano, E., 2008. Establishment of the comet assay in the
freshwater snail Biomphalaria glabrata (Say, 1818). Mutat. Res. 654, 58–63.

Hamada, N., Mesquita, L.C.A., Pereira, I.W., Nakano, E., Borrely, S.I., Tallarico, L.F.,
2011. Ecotoxicity Assessment of Suzano Wastewater Treatment Plant (São
Paulo) Using Daphnia Similis and Vibrio Fischeri. J. Braz. Soc. Ecotoxicol. 6,
31–35.

Hamilton, M.A., Russo, R.C., Thurston, R.V., 1977. Trimmed Spearman–Karber
method for estimating median lethal concentrations in toxicity bioassays.
Environ. Sci. Technol. 11 (7), 714–719.

Kawano, T., Chaves, W.R., Simões, L.C.G., 1979. Effects of caffeine on embryonic
development of Biomphalaria glabrata. Ciência e Cultura 31 (11), 1266–1273.

Kawano, T., Simões, L.C.G., 1986. Efeito da Stevia rebaudiana em Biomphalaria
glabrata. Rev. Bras. Biol. 46 (3), 555–562.

Khangarot, B.S., Das, S., 2010. Effects of copper on the egg development and
hatching of a freshwater pulmonate snail Lymnaea luteola L. J. Hazard. Mater
179, 665–675.

Korolkovas, A., Burckhalter, J.H., 1988. Quíımica Farmacêutica, Guanabara S.A.R.J. Rio
de Janeiro, 783 pp.

Kristoff, G., Verrengia Guerrero, N.R., Cochón, A.C., 2010. Inhibition of cholinesterase
and carboxylesterases of two invertebrates species, Biomphalaria glabrata and
Lumbriculus variegates by carbamate pesticide carbaryl. Toxicology 96 (2), 115–123.

Llanos-Rivera, A., Castro, L.R., Silva, J., Bay-Schmith, E., 2009. A new developmental
toxicity test for pelagic fish using Anchoveta (Engraulis ringens J.). Bull. Environ.
Contam. Toxicol. 83, 23–28.

Matthiessen, P., 2008. An assessment of endocrine disruption in mollusks and the
potential for developing internationally standardized mollusk life cycle test
guidelines. Integr. Environ. Assess. Manage. 4 (3), 274–284.

Miyasato, P.A., Kawano, T., Freitas, J.C., Berlinck, R.G.S., Nakano, E., Tallarico, L.F.,
2012. Molluscicidal activity of some marine substances against the snail
Biomphalaria glabrata (Mollusca, Planorbidae). Parasitol. Res. 110, 1873–1879.

Nabih, I., El Hamid, A.Z.A., 1984. Biochemical studies on the genetic material of
fresh water snails, intermediate hosts of schistosomiasis-II. Effect of a chemical
mutagen, cyclophosphamide, on the chemical nature of deoxyribonucleic acid.
Cell. Mol. Biol. 30 (2), 125–127.

Nakano, E., Watanabe, L.C., Ohlweiler, F.P., Pereira, C.A.B., Kawano, T., 2003.
Establishment of the dominant lethal test in the freshwater mollusk Biompha-
laria glabrata (Say, 1818). Mutat. Res. 536, 145–154.

Okazaki, K., Andrade Jr., H.F., Kawano, T., 1996. Effect of 60Co gamma radiation on
Biomphalaria glabrata (Mollusca, Gastropoda) embryos: mortality, malforma-
tion and hatching. Braz. J. Méd. Biol. Res. 29 (8), 1057–1067.

Oliveira-Filho, E.C., Geraldino, B.R., Grisolia, C.K., Paumgartten, F.J.R., 2005. Acute
toxicity of endosulfan, nonylphenol ethoxylate, and ethanol to different life
stages of the freshwater snail Biomphalaria tenagophila (Orbigny, 1835). Bull.
Environ. Contam. Toxicol. 75, 1185–1190.

Rand, G.M., Wells, P.G., McCarty, L.S., 1995. Introduction to aquatic toxicology. In:
Rand, G.M. (Ed.), Fundamentals of Aquatic Toxicology: Effects, Environmental
Fate and Risk Assessment. Taylor & Francis, Washington, D. C., pp. 3–67.

Rapado, L.N., Nakano, E., Ohlweiler, F.P., Kato, M.J., Yamaguchi, L.F., Pereira, C.A.B.,
Kawano, T., 2011. Molluscicidal and ovicidal activities of plant extracts of the
Piperaceae on Biomphalaria glabrata (Say, 1818). J. Helminthol. 85 (1), 66–72.

Ravera, O., 1977. Effects of heavy metals (cadmium, copper, chromium and lead) on
a freshwater snail: Biomphalaria glabrata Say (Gastropoda, Prosobranchia).
Malacologia 16 (1), 231–236.

Rocha, P.S., Luvizotto, G.L., Kosmehl, T., Böttcher, M., Storch, V., Braunbeck, T.,
Hollert, H., 2009. Sediment genotoxicity in the Tietê River (São Paulo, Brazil):
in vitro comet assay versus in situ micronucleus assay studies. Ecotoxicol.
Environ. Saf. 72, 1842–1848.

Rodgher, S., Espíndola, E.L.G., Lombardi, A.T., 2010. Suitability of Daphnia similis as
an alternative organism in ecotoxicological tests: implications for metal
toxicity. Ecotoxicology 19, 1027–1033.

Salice, C.J., Miller, T.J., 2003. Population-level responses to longterm cadmium
exposure in two strains of a freshwater gastropod Biomphalaria glabrata: result
from a life-table response experiment. Environ. Toxicol. Chem. 22, 678–688.

Salice, C.J., Roesijadi, G., 2002. Resistance to cadmium and parasite infection are
inversely related in two strains of a freshwater gastropod. Environ. Toxicol.
Chem. 21 (7), 1398–1403.

Singh, R., Agarwal, R.A., 1981. Cyclophosphamide as a potential chemosterilant for
harmful snails. Acta Pharmacol. Toxicol. 49, 195–199.

Tallarico, L.F., Granatelli, A.T., Nakano E. Establishment of the control chart for
Biomphalaria glabrata (Mollusca: Gastropoda) using potassium dichromate. In:
Piza, A.R.T., Tallarico, L.F., Introíni, G.O., Santos, S.B. (Eds), Medical and Applied
Malacology Crossing Boundaries: Integrative Approaches to Malacology, In
press, Cambridge Scholars Publishing, United Kingdom, 63–82.

Tallarico, L.F., Okazaki, K., Kawano, T., Pereira, C.A.B., Nakano, E., 2004. Dominant
lethal effect of 60Co in Biomphalaria glabrata (Say, 1818). Mutat. Res. 561,
139–145.

US EPA Environmental Protection Agency (EPA), 1993. In: Weber, C.I., (Ed.), Methods
for Measuring the Acute Toxicity of Effluent and Receiving Waters to Fresh-
water and Marine Organisms, fourth ed., EPA-600/4-90-027.

Verrengia Guerrero, N.R., Mozzarelli, M.N., Giancarlo, H., Nahabedian, D., Wider, E.,
1997. Biomphalaria glabrata: relevance of albino organisms as useful tool for
environmental lead monitoring. Bull. Environ. Contam. Toxicol. 59 (5), 822–827.

Zounkova, R., Jalova, V., Janisova, M., Ocelka, T., Jurcikova, J., Halirova, J., Giesy, J.P.,
Hilscherova, 2014. In situ effects of urban river pollution on the mud snail
Potamopyrgus antipodarum as part of an integrated assessment. Aquat. Toxicol.
150, 83–92.

L.d.F. Tallarico et al. / Ecotoxicology and Environmental Safety 110 (2014) 208–215 215

http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref3
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref3
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref3
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref4
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref4
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref5
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref5
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref6
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref6
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref6
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref7
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref7
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref7
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref8
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref8
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref8
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref9
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref9
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref10
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref10
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref10
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref10
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref11
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref11
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref11
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref11
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref12
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref12
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref12
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref12
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref13
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref13
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref13
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref14
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref14
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref14
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref15
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref15
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref15
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref16
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref16
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref17
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref17
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref17
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref18
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref18
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref18
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref18
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref19
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref19
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref19
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref19
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref20
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref20
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref20
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref21
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref21
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref21
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref21
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref22
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref22
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref22
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref23
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref23
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref24
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref24
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref25
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref25
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref25
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref26
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref26
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref26
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref27
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref27
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref27
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref28
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref28
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref28
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref29
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref29
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref29
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref30
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref30
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref30
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref30
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref31
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref31
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref31
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref32
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref32
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref32
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref32
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref32
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref33
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref33
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref33
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref33
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref34
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref34
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref34
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref34
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref35
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref35
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref35
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref36
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref36
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref36
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref37
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref37
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref37
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref37
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref38
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref38
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref38
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref39
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref39
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref39
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref40
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref40
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref40
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref41
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref41
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref42
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref42
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref42
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref42
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref42
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref43
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref43
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref43
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref44
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref44
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref44
http://refhub.elsevier.com/S0147-6513(14)00415-1/sbref44

	Developmental toxicity, acute toxicity and mutagenicity testing in freshwater snails Biomphalaria glabrata (Mollusca:...
	Introduction
	Materials and methods
	Test substances and surface water samples
	Test organisms
	Toxicity testing
	Adult snails toxicity assay
	Developmental toxicity assay

	Mutagenicity testing
	Dominant lethal test

	Statistical analysis

	Results
	Discussion
	Conclusion
	Conflict of interest
	Acknowledgments
	Supporting information
	References




