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palavras-chave

Resumo

Danio rerio, embryotoxicidade, toxicidade aguda, biomarcadores,
genotoxicidade, toxinas Bt, dicromato de potassio, triclosao, peixe-zebra

O peixe-zebra (Danio rerio) € um vertebrado modelo grandemente utilizado em
investigacdo cientifica em todo o mundo. Nas Ultimas décadas, foram
desenvolvidos protocolos e técnicas que permitem o uso deste organismo na
avaliacdo de ecotoxicidade. Com o presente trabalho pretendeu-se aplicar
multiplas técnicas para avaliar a toxicidade de diferentes quimicos em Danio
rerio a nivel letal e subletal (embriotoxicidade, genotoxicidade e
biomarcadores) realizando testes com embriées e adultos. Numa primeira fase
foram selecionados quimicos representativos de diferentes tipos de
contaminacdo ambiental. O dicromato de potassio (metal pesado), o triclosdo
(bactericida) e as 0-endotoxinas (toxinas Bt) foram escolhidos com base nos
seus diferentes modos de acdo, uso e potecial risco ecolégico. Foram
realizados ensaios ecotoxicolégicos utilizando o peixe-zebra nos diferentes
estadios do seu ciclo de vida. Os protocolos da OECD “Fish, Acute Toxicity
Test” e “Fish Embryo Test” foram adoptados para avaliacdo da toxicidade
aguda, alteragcBes comportamentais e embriotoxicidade (no caso dos testes
com embrides). Foram ainda incluidos ensaios para determinacdo da
actividade de algumas enzimas (colinesterase (ChE), glutationa-S-transferase
(GST) e lactato desidrogenase (LDH)) e da genotoxicidade (teste do
microndcleo, anomalias nucleares e teste do cometa). Os resultados
mostraram que os testes com embrides sdo muito mais informativos que os
testes com adultos visto que incluem uma gama de endpoints mais vasta,
permitindo obter um “perfil de toxicidade” especifico para cada quimico
testado. Os efeitos a nivel do desenvolvimento embrionario (anomalias e
atrasos) e os biomarcadores mostraram ser os endpoints testados mais
sensiveis. O teste com embrides de zebrafish mostrou assim ser uma 6ptima
ferramenta para avaliagdo da toxicidade contribuindo para uma melhor
compreensédo dos efeitos dos téxicos abordados e uma melhor perspectiva do
seu risco ambiental.
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The zebrafish (Danio rerio) is a model vertebrate extensively used in scientific
investigation worldwide. In the last decades, protocols and techniques have
been developed in order to evaluate the effects of chemicals at different levels
of biological organization of this species and to characterize the lethal and sub-
lethal effects of pollutants. The main aim of this study was to assess the toxicity
of different classes of chemicals to Danio rerio at lethal and sublethal levels
applaying multiple techniques (embryotoxicity, genotoxicity and biomarkers)
with adults and embryos. In the first phase of this study was the selection of
chemicals in order to contemplate different type of contaminants. Potassium
dichromate (heavy metal), triclosan (biocide) and ©&-endotoxins (Bt toxins-
biopesticide) were selected due to their different modes of action, use and
potential environmental risk. Ecotoxicological assays were performed using
different life-stages of zebrafish. The OECD protocols “Fish, Acute Toxicity
Test” and “Fish Embryo Test” were followed. Acute toxicity, behavioral
alterations and embryotoxicity were evaluated. Adaptations in OECD protocols
were performed in order to enable tissue sampling to be used in enzymatic
activity assays (acetylcolinesterase — ChE; glutatione-S-trasferase — GST,
lactate desidrogenase — LDH) in genotoxixity assays (micronuclei and COMET)
and in citotoxicity assays (nuclear abnormalities). Results obtained showed that
Danio rerio early-life stages test is much more informative than test with adult
fish as they include a wide range of endpoints allowing the obtaining of a more
specific toxicity profile for each chemical tested. Effects on embryonic
development (anomalies and delays) and biomarkers seemed to be the most
sensitive endpoints. Zebrafish embryo test showed to be an excellent tool for
toxicity evaluation contributing for a better understanding of the effects of the
selected chemicals and for a more accurate prespective of their environmental
risk.
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1. Background, aim and scope

1.1 Danio rerio natural history

The zebrafish (Figure 1) is a tropical freshwater fish, member of the family
Cyprinidae. It was firstly described by Francis Hamilton Buchanan in 1822 in the
book “An account of the fishes found in the river Ganges and its branches”,
together with other ten species of the genera Danio. Danio rerio is morphologically
characterized by five uniformly, pigmented, horizontal stripes on the lateral side of
the body, all extending onto the end of caudal fin rays, anal fin distinctively striped,
lateral line absent, rostral barbels extending to anterior margin of orbit; maxillary
barbels ending at about middle of opercle (Froese and Pauly, 2009). Weber and
Beaufort (1916) assigned Danio rerio in the subgenus Brachydanio based in two
morphological characters (1) the short dorsal fins with only seven branched rays
and (2) lateral line incomplete or absent. However, in 1991, the unification of the
Danio and Brachydanio was proposed due to diagnostic of characters that did not

reliably separate the two groups (Barmam, 1991).

Danio rerio (Hamilton-Buchanan, 1822)
Taxonomy

Plylum Chordata
Class Actinopterygii

Order Cypriniformes
Family Cyprinidae /-
Subfamily Rasborinidae ,,z«/ | v

- |
1
Genus Danio M \

Specie Danio rerio

Embrvo
Common name: Zebrafish

Figure 1. Zebrafish taxonomy and life-cycle stages.

Danio rerio is distributed throughout South and Southeast Asia. The natural
occurrence of the species is predominantly related to the Ganges and
Brahmaputra river basin localized in north-eastern India, Bangladesh and Nepal
(Spence et al, 2008; Spence et al, 2006). However, others studies confirmed the

presence of zebrafish all over the Indian continent (Figure 2). The zebrafish wild
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habitats have been frequently described as small water bodies with a range of
temperature among 24 to 38 °C, visibility to a depth of ~30 cm, silt substrate and
aquatic vegetation (Engeszer et al, 2007). The zebrafish is commonly encountered
in shallow ponds and standing water bodies connected with rice-fields. This
association is probably related with food availability and absence of predators
(Spence et al, 2008). The zebrafish is omnivorous, and its natural diet is
composed basically by zooplankton, insects and phytoplankton (McClure et al,
2006).

Figure 2. Zebrafish distribution registered from 1868 to 2006 (adapted from
Engeszer et al, 2007).

Zebrafish has a very short reproduction cycle reaching the maturity age in few
months (3 - 6). Field studies described zebrafish as an annual species. The
spawning period is induced by temperature and commences at the onset of the
monsoon season. The courtship behavior in zebrafish consists of a male chasing
the female rapidly, swimming around her and often nudging her flanks. The
females are choosy with respect to sites for oviposition. In general the females
prefer a gravel substrate in shallow vegetated areas that offer protection for eggs
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and larvae. Spawning occurs in a short period at dawn (Spence et al, 2008;
Lawrence, 2007; Engeszer et al, 2007). Despite the populararity of zebrafish as an
aquarium fish, nowadays it is one of the most important vertebrate model for
genetic, developmental sciences, medicine, pharmacology and ecotoxicology
(Spitsbergen et al, 2008; Scholz and Fischer 2008; Scalzo and Levin 2004,
Rubinstein, 2006). However, the lack of knowledge about zebrafish ecology and
natural history is a critical point for interpreting its behavior, physiology, genetic
and phenotypic variation, and the evolutionary history of embryonic, larval, and
adult (Engeszer et al, 2007).

1.2 Zebrafish under laboratory conditions

Zebrafish can be easily maintained in laboratory conditions. The male and
female adults are easily indentified (Table 1). One female can produce a mean of
185 eggs per spawning; these enable a high production of organisms for tests and

an effortless stock maintenance.

Table 1. Zebrafish male and female morphological characteristics.

Males Females
_— = -
‘Fﬁ% 3 LT — 9
e s T e
- Yellow especially on the belly - More silvery
- Slimmer - Plumper
- Longer - Small anal fin
- Large anal fin - Small genital papilla

The zebrafish breeding in laboratory follows some general steps: (1) A
mating cage or box with a mesh, grill or marbles in the bottom is prepared (2) one
female to two males are then added to the box in the evening. (3) In the following
morning, the fertilized eggs fall on the floor of the breeding box, being protected
from cannibalism by adults. The most used zebrafish breeding technique in

laboratory consists in breeding tanks with the bottom filled with marbles (Mullins et



al,1994). For experiments purposes, zebrafish eggs should be collected a few
minutes after natural mating. Usually, washing and microscope-checking are
recommended (OECD, 2006; OECD 1998). The unfertilized eggs and the ones

with irregularities during cleavage or injured are discarded.

The most important factors that may affect egg production and quality are:
water quality, diet and density of fish in the cage. Reductions in the overall egg
production may reflect sub-optimal husbandry parameters. Usually, zebrafish are
maintained in flow-thought systems. The water is treated by reverse osmosis filter.
It is not clear in the current literature which is the optimal range of physico-
chemical parameters for zebrafish maintenance. In the majority of the zebrafish
facilities, temperature of 25 + 3 °C is the most usual; pH is around 7.0 — 8.0; and
hardness is 100 mg/L CaCOg; salinity ranges from 0.25 to 1.0 ppt (Lawrence,
2007) and dissolved oxygen levels are maintained at or just under 80 % of
saturation (~ 7.8 mg/L at 28.0 ) to ensure fish health.

Feeding practices are also crucial in zebrafish husbandry exerting a
profound impact on the feed efficiency, growth rates and gamete production of fish
(Lee et al, 2000). The amount of food provided at each feeding and the frequency
of application are important components of feeding protocols, and are often
specific to both species and purposes of the culture. Standard practices for the
frequency of feeding and amount of food are scarce for zebrafish but generally, to
provide an adequate diet, the following parameters are taken into account: (a)
number of organisms per cage; (b) life-stage; (c) environmental conditions (e.g.
temperature); (d) supplies of live food as Artemia sp. or Dapnhia.

Due to the increasing importance of the zebrafish as a research model
system, it is imperative that standards for its husbandry (nutrition, breeding,
welfare) are developed to improve the reproducibility of experiments and the

efficiency of the use of this model in research environment.
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1.3 Zebrafish as general model organism

In the early 1970's, scientists of the University of Oregon determined the
zebrafish as a vertebrate model for development and genetics. Dr George
Streisinger (1927-1984) is considered the founding father of zebrafish research.
Together with Dr Charles Kimmel and others researchers of University of Oregon’s
Institute of Molecular Biology, he published several studies on zebrafish
development and genetics (Kimmel et al, 1995; Streisinger et al, 1985). Nowadays
hundreds of research centers worldwide use zebrafish in fundamental and applied
research.

Among the main characteristics that make zebrafish a model system
logistically attractive are: (a) reduced size, (b) short life cycle, (c) short generation
time (2-3 months: egg to reproductive adult), (d) good reproduction in captivity (e)
possible daily breeding, (f) external fertilization (g) easily available non-adhesive
eggs obtained from abundant spawning (h) optically transparent eggs that enable

external observation of the embryo delopment (i) rapid embryonic development.

A great amount of information about the physiology, biochemistry and
genetics of the zebrafish is available on the literature. The conclusion of the
genome sequencing enabled a wide range of applications in advanced genetic
and molecular biology (Van der Ven et al, 2005; Van der Ven et al, 2006). The
transparency of the egg enables microscopic techniques to monitore individual
cells in vivo across a broad range of developmental stages or throughout the
duration of an experimental exposure (Lele and Krone, 1996; Scholz et al, 2008;
Kimmel, 1995). In vitro techniques, such as cell culture, also permit the monitoring
of biological responses rapidly and with low costs (Gosh et al, 1994). On the other
hand, in vivo (whole animal) studies can provide improved prediction of the
biological response in intact systems. Zebrafish has high similarity in cellular
structure, signaling processes and physiology with other high-order vertebrate. An
overall homology between Danio rerio and humans is also observed. This fish
shares similarities regarding sense modalities, including vision, olfaction, taste,

touch, balance, hearing and cognitive behavioral and their sensory pathways.



Newly developed techniques (e.g. microarrays technology, hybridizations and
transgenic organisms) involving large scale screening assays are valious tools that
contribute to the increasingly use of Zebrafish. Thus, zebrafish is an emerging
model for drugs toxicity screening and biomedicine (Zon and Peterson, 2005;
Spitsbergen and Kent, 2003; Langheinrich, 2003; Chico et al, 2008; Rubinstein,
2006).

1.4 Zebrafish use in ecotoxicology

1.4.2 Current protocols for ecotoxicological assessment

Fish is an important taxonomic group and traditionally used in toxicity
testing of individual substances and effluents (Braumbeck and Lammer 2005).
Due to the importance of fish in aquatic pollution biomonitoring, numerous
guidelines have been developed for ecotoxicological evaluations. Among the
model organisms defined in the guidelines, the species Danio rerio is one the most
frequently used worldwide. At the International organization level, as OECD
(Organization of Economic Co-operation and Development) and ISO (International
Organization for Standardization), several protocols for ecotoxicity assessment
with zebrafish (see table 2) have been developed in the last years. Initially, the
protocols were established for acute toxicity assessment (OECD, 203 and OECD,
210), growth (OECD, 215) and short-term effects on early life-stages (OECD,
212). Nowadays, several modifications in old guidelines have been discussed and
new draft guidelines that include more sophisticated endpoints for ecotoxicity
assessment have been proposed. The new guidelines proposed by OECD have
given more emphasis on specific mode of action of compounds. (eg. Endocrine

disruptors), or have also been focusing in full life-cycle studies (OECD, 2008).



Table 2. Current OECD and 1SO guidelines for toxicity evaluation using Danio rerio.

Guidelines

Description

Reference

Fish, acute toxicity test

Fish short term toxicity test
on embryo
and sac-fry stage

Fish juvenile growth test

Fish are exposed to the test substance preferably for a period of 96 hours. Mortalities are recorded at
24, 48, 72 and 96 hours and the concentrations which kill 50 per cent of the fish (LC50) are

determined where possible.

Embryos are exposed to the test substance, preferably under flow-through conditions, or where
appropriate, semi-static conditions. The test begins by placing fertilised eggs in the test chambers
and is continued at least until all the control fish are free-feeding. Lethal and sub-lethal effects are
assessed and compared with control values to determine the lowest observed effect concentration

and hence the no observed effect concentrations.

Juvenile fish in exponential growth phase are exposed for 28 days, after being weighed, to a range of
sublethal concentrations of the test substance. Fish are fed daily. The food ration is based on initial
fish weights and may be recalculated after 14 days. At the end of the test, the fish are weighed again.
Effects on growth rates are analyzed using a regression model in order to estimate the concentration
that would cause a x % variation in growth rate, i.e. ECx (e.g. EC10, EC20 or EC30).

OECD (1992)

OECD (1998)

OECD (2000)




Continuation table 2. Current OECD and ISO guidelines for toxicity evaluation using Danio rerio.

Guidelines

Description

Reference

Fish two-generation test

Fish embryo toxicity

Parental fish exposure: the test protocol is initiated with adults that have a record of reproductive
success as measured both by fecundity (number of eggs) and embryo viability (e.g., hatchability).

This is established during a 7 to 21-d pre-exposure period in the same test system as will be utilized
for the chemical exposure phase. Exposure of F1 generation: the viability of resultant embryos (e.g.,
hatching success, developmental rate, occurrence of malformations, etc.) is assessed in animals held
in the same treatment regime to which the adults were exposed. Exposure of F2 generation: the
viability of resultant embryos from the F1 (i.e., hatching success, developmental rate, occurrence of
malformations, etc.) is assessed in animals held in the same treatment regime to which the adults

were exposed.

The Test Guideline is based on chemical exposure of newly fertilized zebrafish eggs for up to 48
hours and it is expected to reflect toxicity in fish in general. After 24 and 48 hrs, four apical endpoints
are recorded as indicators of acute lethality in fish: (i) coagulation of fertilized eggs, (ii) lack of somite
formation, (iii) lack of detachment of the tail-bud from the yolk sac, and (iv) lack of heart-beat.
Embryos are individually exposed in 24-well microplates to a range of concentrations of the test
substance. Lethal effects, as described by four apical endpoints, are determined by comparison with
controls to identify the LC50, NOEC and LOEC values.

OECD (2008)

OECD (2006)




Continuation table 2. Current OECD and ISO guidelines for toxicity evaluation using Danio rerio.

Guidelines

Description

Reference

The fish screening assay for

endocrine active substances

Determination of the acute
toxicity of waste
water to zebrafish eggs (Danio

rerio)

Determination of toxicity to
embryos and

larvae of freshwater fish

Determination of the acute
lethal toxicity of substances to a
freshwater fish [Brachydanio
rerio Hamilton-Buchanan

(Teleostei, Cyprinidae)]

I

n the assay, male and female fish in a reproductive status (enabling a clear differentiation of each
sex) are exposed together in test vessels. A sex-related analysis of each endpoint is performed,
ensuring the evaluation of their sensitivity towards exogenous chemicals. At test termination, sex is
confirmed by microscopic examination of the gonads. On sampling at day 21, all animals are killed

humanely. Blood samples are collected for determination of vitellogenin.

Specifies a method for the determination of degrees of dilution or concentrations as a measure of the
acute toxic effect of waste water to fish eggs within 48 h. It is also applicable to treated municipal

waste water and industrial effluents.

A method for the determination of toxicity on fish embryos and larvae. It is also applicable to treated

chemicals, waste water effluents and industrial effluents.

Specifies a static method for the determination of the acute lethal toxicity of stable, non-volatile, single

substances, soluble in water under specified conditions.

OECD (2008)

ISO 15088
(2007)

ISO 12890
(1999)

ISO 7346
(1996)




1.4.1 Zebrafish in acute toxicity assessment

The zebrafish, at all stages of life, has been extensively used in acute
toxicity test. The acute toxicity data is an essential component in the base set of
data requirements for environmental risk assessment and hazard classification of
new substances (Braunbeck et al., 2005). Zebrafish is well-established as a model
for studying ecotoxicity of solvents, heavy metals, pharmaceuticals and pesticides
(see table 3 and 4).

The “Fish acute toxicity test (FATT)” (OECD, 1992) is a method performed
routinely to assess ecotoxicity of chemicals (see table 3). The advantages of using
acute tests are: (a) they can be applicable to a wide range of chemicals; (b) they
tend to be short, reproducible, sensitive, cheap, and with low variability; (c) they
are standardized, accepted by the regulatory and scientific community; (d) it is
possible to compare the sensitivity of different species or organisms. Despite the
simplicity of the FATT, it should be performed strictly in accordance with standard
requirements and observing recommended conditions (Fairbrother et al, 2001).
The aim of FATT is to identify a dose causing 50% of mortality of exposed
organisms. The mortality is evaluated over 96 hours and others major adverse
effects may be evaluated. Also, the minimum dose causing lethality in a short
period of time (LOEC) and the dose at which are not observed effects (NOEC) are
estimated. The lethality data (LC50 value) have been used by authorities in
classification and labeling as well in calculation of predicted no-effect
concentration of the substances (PNEC). The acute fish test provides only lethal
(LC50, NOEC and LOEC) data and, therefore, has only limited pertinence, since
sublethal toxicity by definition is excluded. Mortality is the primary endpoint and it
is often hypothesized that fish suffer distress and perhaps pain. This method is
against by European REACH regulations propose the reduction of the use of live

animals’ assays.

Table 3. Acute toxicity values for Danio rerio adults.

Substance LC50 96h (ug/L) Reference

1,2,3-Trichlorobenzene (123 TCB) 1850 Roex et al., (2002)
2,4-Dichlorophenol 3900 Pedersen and Petersen, (1996)



biologia .g)

2,4-Dinitrophenol
2,3-DInitrophenol
2-Nitroanisole (2-Na)

11000
7364

214382000

Pedersen and Petersen, (1996)
Lange et al., (1995)
Lange et al., (1995)

Continuation table 3. Acute toxicity values for Danio rerio adults.

Substance

LC50 96h (ug/L)

Reference

3,4-Dichloroaniline (3,4-DCA)
3,4-Dichloroaniline (3,4-DCA)
3,4-Dichloroaniline (3,4-DCA)
3,4-Dichloroaniline (3,4-DCA)
Acetone

Acroleln

Aldicarb

Allylamine

Anillne

Butanol

Butyl lactate
Cadmium (-chloride)
Carbaryl

Carbaryl

Copper

Copper

Copper

Copper (IlI) Carbonate
Copper (IlI) Carbonate
Copper (IlI) Carbonate
Copper (IlI) Carbonate
Copper (IlI) Carbonate
Copper (IlI) Carbonate
Copper (Il) Sulfate
Copper (Il) Sulfate
Copper (Il) Sulfate
Copper Hydroxide
Copper Hydroxide
Copper Hydroxide
Copper Hydroxide
Copper Hydroxide
Copper Hydroxide
Copper total

Copper total

Copper total
Diethanolamine (DEA)
Diethanolamine (DEA)
Di-n-butylphthalate
DNOC

Ethanol

Ethyl lactate

Ethylene glycol

Lactic acid

Lindane

Lindane

Lindane

8500
9800
7000
8101000
8100000
14
10064
22100
32000
1730000
75000
2200
6037000
9256000
121

127

102

49

50

40

75

79

64

whpbhbooo

30

31

25

210

298

262
3700000
3700000
1300
1981000
14200
320000
50000
320000
100

110

120

Ensenbach and Nagel, (1995)
Ensenbach and Nagel, (1995)
Pedersen and Petersen, (1996)
Lange et al., (1995)

Pedersen and Petersen, (1996)
Pedersen and Petersen, (1996)
Gallo et al., (1995)

Pedersen and Petersen, (1996)
Pedersen and Petersen, (1996)
Pedersen and Petersen, (1996)
Bowmer et al., (1998)
Pedersen and Petersen, (1996)
Lange et al., (1995)

Gallo et al., (1995)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Palmer et al., (1998)

Pedersen and Petersen, (1996)
Pedersen and Petersen, (1996)
Pedersen and Petersen, (1996)
Lange et al., (1995)

Pedersen and Petersen, (1996)
Bowmer et al., (1998)
Pedersen and Petersen, (1996)
Bowmer et al., (1998)
Ensenbach and Nagel, (1995)
Ensenbach and Nagel, (1995)
Pedersen and Petersen, (1996)



Continuation table 3.

Acute toxicity values for Danio rerio adults.

Substance LC50 96h (ug/L) Reference

Malathion 19822000 Lange et al., (1995)
Mercury (-chloride) 50 Pedersen and Petersen, (1996)
Methyl—ethyl-ketone 3200000 Pedersen and Petersen, (1996)
Methylparathion 5400 Pedersen and Petersen, (1996)
n-Heptanol 34000 Pedersen and Petersen, (1996)
n-Propanol 5000000 Pedersen and Petersen, (1996)
o-Cresol 24000 Pedersen and Petersen, (1996)
Parathion 1940 Roex et al., (2002)
Pentacholorophenol (PCP) 200 Pedersen and Petersen, (1996)
Pentacholorophenol Sodium Salt 200 Pedersen and Petersen, (1996)
Phenol 28233 Lange et al., (1995)
Tributytin oxide (TBTO) 2,7 Pedersen and Petersen, (1996)
Triethanolamine 11800000 Pedersen and Petersen, (1996)
Triphenyltin ecetate (TPTA) 40 Strmac and Braunbeck, (1999).
Triphenyltin ecetate (TPTA) 15 Strmac and Braunbeck, (1999).

Adapted from (Martins et al, 2007)

The “Fish Embryo Test (FET)” (OECD, 2006) has emerged as an
alternative to determine the toxicity of substances and the zebrafish as an
excellent model for understanding toxic mechanisms of the chemicals. Initially
developed in Germany in 2001, the Fish Embryo Test (FET) has been applied as a
mandatory component in routine effluent testing. After national standardization, the
protocols were submitted to ISO for standardization at international level.
Nowadays, the fish embryo test is a consolidated guideline by ISO 15088 (2007)
and has already been submitted with modifications for OECD for acute toxicity
determinations in chemical testing. Meanwhile, the scientific community worldwide
started to apply the protocols and drafts for ecotoxicity assessment of many

substances (table 4).

Table 4. Danio rerio embryotoxicity data.

Substances EC50 48h (ug/L) Reference
Acetone 13091232 Bachmann (2002)
Acetyl salicylic acid 53327.40 Bachmann (2002)
Acrolein 370 Schulte (1997)
4-Aminophenol 470 Schulte (1997)
Aniline 161200 Schulte (1997)
Atrazine 36800 Wiegand et al. (2000)
Benzoic acid 19539 Bachmann (2002)
4-Bromoindole 4300 Kammann et al. (2006)
5-Bromoindole 5500 ISIS (2003)
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Continuation table 4. Danio rerio embryotoxicity data.

Substances

EC50 48h (ug/L)

Reference

5-Bromoindole
6-Bromoindole
6-Bromoindole
2-Bromophenol
3-Bromophenol
4-Bromophenol
n-Butylamine
sec-Butylamine
Butyldiglycol
p-tert-Butylphenol
Carbaryl

2-Chloroaniline
3-Chloroaniline
4-Chloroaniline
4-Chlorophenol
4-Chlorophenol
Colcemide

Copper(ll) sulfate pentahydrate
Cycloheximide
Cyclohexylamine
n-Decylamine
2,4-Dibromophenol
2,6-Dibromophenol
Dibutylamine
2,4-Dichloroaniline
3,4-Dichloroaniline
3,4-Dichloroaniline
Dicyclohexylamine
Diethylamine
Diethylene glycol
Diethylene glycol dimethylether
N,N-Diethylmethylamine
N,N-Diisopropylethylamine
Diisobutylamine
Diisopropylamine
N,N-Dimethylanilin
N,N-Dimethylbutylamine
N,N-Dimethylcyclohexylamine
N,N-Dimethylethylamine
N,N-Dimethylformamide
Dimethylsulfoxide
4,6-Dinitro-o-cresol
2,4-Dinitrophenol
Dipentylamine
Dipropylamine
D-Mannitol

Ethanol

Ethanol

Ethyl acetate

5310
5310
9210
45120
60660
46320
35911
95155
1281617
1730
4700
28300
21000
21300
45600
42800
3417

499

1463
63376
3146
7950
41770
40454
21500
2400
1620
31187
93254
50809218
11056432
69993
104563
47195
91477
54320
50999
53055
82865
10020639
29100000
600

900
42786
31167
77768
11999830
11100000
1859036

Kammann et al. (2006)
ISIS (2003)

Kammann et al. (2006)
Kammann et al. (2006)
Kammann et al. (2006)
Kammann et al. (2006)
Brust (2001)

Brust (2001)
Bachmann (2002)
Maiwald (1997)
Schulte (1997)

Schulte (1997)

Schulte (1997)

Schulte (1997)

Schulte (1997)

Stangl (1991)
Bachmann (2002)
Bachmann (2002)
Bachmann (2002)
Brust (2001)

Brust (2001)
Kammann et al. (2006)
Kammann et al. (2006)
Brust (2001)

Schulte (1997)

Schulte (1997)

Lange et al. (1995)
Brust (2001)

Brust (2001)
Bachmann (2002)
Bachmann (2002)
Brust (2001)

Brust (2001)

Brust (2001)

Brust (2001)

Foerster (2008)

Brust (2001)

Brust (2001)

Brust (2001)
Bachmann (2002)
Maiwald (1997)
Foerster (2008)
Schulte (1997)

Brust (2001)

Brust (2001)
Bachmann (2002)
Bachmann (2002)
Maiwald (1997)
Bachmann (2002)



Continuation table 4.

Danio rerio embryotoxicity data.

Substances

EC50 48h (ug/L)

Reference

Ethylenediamine
1-Ethylpiperidine
2-Ethylpiperidine
a-D-Glucose
n-Heptylamine
Hexamethyleneimine
2,5-Hexanedion
n-Hexylamine
Hydroquinone
Hydroxyurea
Isobutylamine
Isoniazid
Isopentylamine
Isopropylamine
Lindane

Malathion

Malathion

Methanol
Methoxyacetic acid
2-Methoxyethanol
1-Methoxy-2-propanol
3-Methyl-1-butanol
N-Methylanilin
N-Methylformamide
Methyl mercury (1) chloride
1-Methylpiperidine
2-Methylpiperidine
4-Methylpiperidine
Morpholine
2-Nitro-4'-hydroxydiphenylamine
2-Nitroaniline
2-Nitroanisole (2-NA)
4-Nitrobenzoic acid
4-Nitrophenol
4-Nitrophenol
4-Nitrophenol
n-Nonylamine
1-Octanol

1-Octanol
n-Octylamine
Penicillin G (sodium salt)
Pentachlorophenol
Pentachlorophenol
Pentachlorophenol
n-Pentylamine
4-tert-Pentylphenol
Phenol

Phenol

Piperidine

396660
71318
93958
77072448
28459
115346.34
4668498
42297
7900
2311920
92617.70
42390
59098
149607
800

6200
7600
22100000
53687
23831388
16338756
1075674
75000
22315815
144.62
68332
102350
92928
601215
540
21500
30620
29900
4900
43100
57200
11462
15628
15400
25461
5452461
90

1000

380
30856
3500
49100
49800
110504

Bachmann (2002)
Brust (2001)

Brust (2001)
Bachmann (2002)
Brust (2001)

Brust (2001)
Bachmann (2002)
Brust (2001)
Schulte (1997)
Bachmann (2002)
Brust (2001)
Bachmann (2002)
Brust (2001)

Brust (2001)
Schulte (1997)
Schulte (1997)
Schulte (1997)
Ensenbach (1987)
Bachmann (2002)
Bachmann (2002)
Bachmann (2002)
Bachmann (2002)
Foerster (2008)
Bachmann (2002)
Bachmann (2002)
Brust (2001)

Brust (2001)

Brust (2001)

Brust (2001)

Liu et al. (2007)
Schulte (1997)
Lange et al. (1995)
Schulte (1997)
Schulte (1997)
Schulte (1997)
Ensenbach (1987)
Brust (2001)
Bachmann (2002)
Schulte (1997)
Brust (2001)
Bachmann (2002)
Maiwald (1997)
Stangl (1991)
Ensenbach (1987)
Brust (2001)
Baumann (2008)
Schulte (1997)
Ensenbach (1987)
Brust (2001)
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Continuation table 4. Danio rerio embryotoxicity data.
Substances EC50 48h (ug/L) Reference

Prochloraz 2900 Baumann (2008)
2-Propanol 10138870 Bachmann (2002)
n-Propylamine 79150 Brust (2001)
Quinone 472 Groth et al. (1993)
Retinoic acid 1090 Bachmann (2002)
all-trans-Retinol 610 Bachmann (2002)
Saccharin sodium salt hydrate 20947857 Bachmann (2002)
Salicylic acid 24585 Bachmann (2002)
Salicylic acid 22790 Bachmann (2002)
Sodium chloride 12009420 Lange et al. (1995)
2,4,6-Tribromophenol 4420 Kammann et al. (2006)
Tributylamine 301210 Brust (2001)
Triclosan 360 Oliveira et al. (2009)
Triethylamine 60398 Brust (2001)
Triethylene glycol 53900000 Maiwald (1997)
Tripropylamine 188833 Brust (2001)
Urea 22360338 Bachmann (2002)
Urea 22462440 Lange et al. (1995)
Urea 22900000 Schulte (1997)
Valpromide 1131509 Bachmann (2002)
Valproic acid 20189 Bachmann (2002)

Adapted from (Lammer et al, 2009)

The use of the maintenance of zebrafish for ecotoxicity assessment is
simple. The female of zebrafish produce hundreds of eggs every week, so, large
samples are easily achieved for statistically powerful dose-response studies.
Zebrafish are easy to breed in the laboratory and due to the transparency of both
eggs and post-hatch larvae, development can be continuously monitored and
effects identified by light microscopy. In addition the FET allows the monitoring of
a wide range of endpoints, allowing the detection of sublethal effects, which
provide more complete information about the mode of action and ecological risk of
substances. Hence, effects of chemicals on, e.g., heartbeat, pigmentation or
development of the eyes and the brain may be revealed. The test can potentially
be prolonged to 96 h or even 120 h to detect effects on additional sublethal
endpoints such as hatching rate and larval abnormalities (OECD, 2006). Due to
these many practical attributes, the FET is an important alternative for
replacement or reduction of the use of adult organisms for ecotoxicity assessment,

as well as for the refinement of the current toxicity tests. (Braunbeck et al. 2005).



The use of animals for scientific proposes in the European Community is a
subject under regulatory restrictions by the Directive 86/609/EEC. However, the
embryos, including zebrafish embryos, are not classified as animals, and for that
are not subjects to welfare issues described by this directive (Nagel 2002). This
point is another attribute of fish embryos testing. The FET, when performed over
48h, is completely excluded from the referred regulations as this is the well defined
embryo period before hatching. When FET is extended for more days (totalizing at
the maximum of seven days) for evaluation of teratology and hatching or in case of
the delay of toxicity of substances, post hatc larvae may be exposed to chemicals.
In this case, these animals may be subjected to the mentioned regulatory
directive. However, this discussion is complex. The transition from embryo, pro-
larva and larvae stages are not clearly defined and different juridical interpretation
may be applied. Despite the juridical aspects related to the use of zebrafish
embryos in scientific experimentation, there are the ethical concerns. Even the 48
hours embryo when observed, presents all characteristics of a heathy fish and,
when dechorioned, is capable of surviving (Braunbeck et al. 2005). In addition,
information about the ability of the early-life stages of zebrafish to feel pain or

passion is still unclear.
1.4.2 Zebrafish in sublethal effects assessment

Despite the wide use of fish acute tests in ecotoxicological evaluations, new
methodologies have been developed in order to achieve a more refined and
precise evaluation of chemical ecotoxicity. The new guidelines include tools for
assessment of relevant effects in several levels of biological organization. The
focus of new guidelines has been the identification of a greater number of
sublethal effects in much lower concentrations, emphasizing the importance of
methodological development in order to identify more specific modes of action of
the pollutants (Braunbeck et al. 2005). In zebrafish studies, several tools have
been developed for assessment of contamination in environmental samples such
as identifications of DNA damage, differential gene expression evaluation,

enzymatic activity alterations and teratogenic potential.
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Many studies have been using zebrafish eggs and adults for the
assessment of contamination of river and tropical lakes sediment by in situ and
laboratorial assays (Kosmehl et. al, 2007). The same group that has developed
field techniques with zebrafish adults and early life stages has also elaborated the
protocols for genotoxicity assessment in embryos by adaptation of established
techniques as micronuclei and comets assay (Nagel, 2002; Kosmehl et. al, 2007).
However, the majority of studies have used only zebrafish adults for genotoxicity
assessment (Grisolia et al, 2009; Oliveira et al, in press). The difference relies
basically in the fact that for adults an adequate amount of blood for erythrocytes
analyses is available, as in case of embryos, others cell type has been chosen for
application of the techniques (Nagel, 2002). In adults and embryos assays,
authors have been focusing in the evaluation of the potential of chemical and/or
metabolites to cause genetic damage. In general, genotoxicity assays address
different interactions between chemicals and the DNA. In tha past few years, a
wide variety of genotoxicity assays using adult fish have been used in
ecotoxicological evaluations of environmental pollutants. The majority of the
approaches involve the detection of DNA strand breaks that are produced by the
chemical exposure. As a second instance, few studies about fish chronic exposure
to genotoxic chemicals are available. The long-term exposure to a genotoxic
chemical may induce a cascade of events resulting in changes in gene frequency

in populations and mutational events (Oost et al, 2003).

Moreover, at molecular level, the zebrafish is one the most important
vertebrate model for ecotoxicogenomic evaluation. This relatively new scientific
field, derived from a combination of the fields of ecotoxicology and genomics, is
concerned with the identification of potential environmental toxicants and their
mechanisms of action (MoA), through the use o