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Resumo

A producdo agricola é frequentemente afetada pelas condi¢cGes ambientais inerentes
as mudangas climatéricas. Esta situacdo acarreta 0 aumento da utilizacdo de pesticidas,
como é o exemplo de fungicidas para controlar o mildio e oidio na vitivinicultura. Neste
sentido, a utilizacdo dos fungicidas tém sido associados ao aparecimento dos seus
residuos no solo e lengGis de agua com possiveis efeitos toXicos nos ecossistemas.
Contudo, o estudo e o conhecimento toxicoldgico acerca dos residuos e efeitos destes
compostos sao limitados ou inexistentes. Assim este trabalho teve como objetivo avaliar
a toxicidade de fungicidas sintéticos (azoxistrobina, tebuconazole e mancozeb) e de
compostos de origem natural (extrato de Mimosa tenuiflora, extrato de Equisetum arvense
e timol) recorrendo a utilizacdo de embrides de peixe-zebra como modelo.

Numa primeira abordagem procedeu-se ao calculo dos valores das concentracfes
médias letais para 96h de exposi¢édo (96h-LCso) iniciada em embrides na fase de blastula
(~2 horas pos-fertilizacdo). Com base no valor de 96h-LCsg, 0s embrifes foram expostos
a concentragdes que variaram entre 0.001 e 0.1 mgL™* para a azoxistrobina (LCso = 1.15
mgL1), 0.0005 e 0.05 mgL ™ para 0 mancozebe (LCso = 5.13 mgL™) e 0.05 e 5 mgL ! para
o tebuconazole (LCso = 7.25 mgL™). Para os compostos de origem natural, os embrides
foram expostos a concentragdes que variaram entre 0.00625 e 0.625 mgL* para o extrato
aquoso de Equisetum arvense (LCso = 435.31 mgL™?), 0.008 e 0.8 mgL™ para o extrato
etanolico de Mimosa tenuiflora (LCso = 123.87 mgL™?) e 0.01 e 1 mgL* para o timol (LCso
= 32.67 mgL™). Durante a exposicdo foram avaliados diversos pardmetros letais
(mortalidade, destacamento da cauda e da cabeca), sub-letais (desenvolvimento dos
somitos, olhos, otolitos, edema, pigmentagdo, movimentos espontaneos, sistema
circulatorio e eclosao), teratogénicos (malformacdes), bem como a anélise morfométrica
das larvas. Outros parametros bioguimicos como enzimas ligadas ao stresse oxidativo
(SOD, CAT, GPx e GR), niveis de ROS, niveis de glutationas (GSH e GSSG), enzimas
relativas a degradacdo de compostos (GST e CarE), ligadas a neurotransmissédo (AcHE)
e respiracdo anaerdbia (LDH), foram também analisados.

Os embrides expostos a compostos sintéticos apresentaram uma maior percentagem
de efeitos letais, sub-letais e a nivel enziméatico. Os embriGes expostos a mancozebe
apresentam um decréscimo na sua taxa de eclosdo muito acentuado para todas as
concentracdes avaliadas, e um grande numero de malformacdes (edemas cardiacos e do

saco vitelino, bem como tor¢des na coluna) apresentavam uma maior prevaléncia na



concentracdo mais elevada, sendo assim efeitos dose-dependentes. J& 0s expostos a
azoxistrobina na concentragdo mais baixa apresentam um aumento dos ROS bem como
um aumento da SOD, GST, CarE e AcHE, bem como uma diminui¢do da atividade da
CAT e dos niveis de GSH e GSSG. Nao se verificaram diferencas no desenvolvimento
dos embrides expostos a tebuconazole, bem como a fungicidas & base dos compostos
naturais.

Conclui-se assim que a presenca de compostos sintéticos no ambiente pode causar
alteracdes significativas nos ecossistemas aquaticos, podendo estes serem substituidos
pelos compostos naturais. Contudo, mais estudo sdo necessarios para comprovar na

totalidade a seguranca e sensibilidade dos compostos testados.

Palavras chave: Toxicologia; Fungicidas; Peixe-Zebra; Desenvolvimento

embrionario; Stresse oxidativo



Abstract

Agriculture is affected by the environmental conditions inherent in climate change.
This phenomenon is associated with increased use of pesticides in order to control fungi
and pests (eg, mildew and powdery mildew) that attack agricultural, especially wine
production. In this sense, the use of fungicides have been associated with the appearance
of their residues in the soil and water sheets with possible toxic effects on ecosystems

However, the study and toxicological knowledge about the residues and effects of
these compounds are limited or non-existent. The objective of this work was to evaluate
the toxicity of synthetic fungicides (azoxystrobin, tebuconazole and mancozeb) and
compounds of natural origin (extract of Mimosa tenuiflora, extract of Equisetum arvense
and thymol) using zebrafish embryos as a toxicological model.

In a first approach, we calculated the mean lethal concentration values for 96h
exposure (96h-LCsp) in embryos in the blastula phase (~ 2 hours post-fertilization). Based
on the 96h-LCs value, the embryos were exposed to concentrations ranging from 0.001
to 0.1 mgL* for azoxystrobin (LCso = 1.15 mgL), 0.0005 and 0.05 mgL* for mancozeb
= 5.13 mgL?) and 0.05 and 5 mgL™ for tebuconazole (LCso = 7.25 mgL™). For the
compounds of natural origin, the embryos were exposed to concentrations ranging from
0.00625 to 0.625 mgL* for the aqueous extract of Equisetum arvense (LCso = 435.31
mgL™), 0.008 and 0.8 mgL* for the Mimosa tenuiflora extract (LCso = 123.87 mgL ™) and
0.01 and 1 mgL™* for thymol (LCso = 32.67 mgL™!). During the exhibition, several lethal
parameters (mortality, tail and head detachment), sub-lethal (development of somites,
eyes, otoliths, edema, pigmentation, spontaneous movements, circulatory system and
hatching), teratogenic (malformations) such as the morphometric analysis of the larvae.
Other biochemical parameters such as oxidative stress-linked enzymes (SOD, CAT, GPx
and GR), ROS levels, glutathione levels (GSH and GSSG), compounds degradation
enzymes (GST and CarE), neurotransmission and anaerobic respiration (LDH), were also
analyzed.

Embryos exposed to synthetic compounds showed a higher percentage of lethal,
sublethal and enzymatic effects. Embryos exposed to mancozeb showed a marked
decrease in their hatching rate for all concentrations evaluated, and a large number of
malformations (cardiac and yolk sac edema as well as spinal torsions) had a higher

prevalence at the highest concentration, thus being dose-dependent effects. On the other



hand, those exposed to azoxystrobin at the lowest concentration present an increase in
ROS as well as an increase in SOD, GST, CarE and AcHE, as well as a decrease in CAT
activity and GSH and GSSG levels. There were no differences in the development of
embryos exposed to tebuconazole, as well as fungicides based on natural compounds.

It is thus concluded that the presence of synthetic compounds in the environment
can cause significant changes in aquatic ecosystems, and these can be replaced by natural
compounds. However, further study is needed to fully demonstrate the safety and

sensitivity of the compounds tested.

Keywords: Toxicology; Fungicides; Zebrafish; Embryonic development; Oxidative

Stress
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1. Overview

The damage caused to the environment by climate change, which can be associated
with agricultural activities, are some of the main reasons for the intensification of
pesticide use. Over the years, plant protection products are among the compounds that
most contribute to high crop yields and efficient agricultural management. Among the
pesticides, the fungicides represent the least studied compounds. These are used in
combating fungi and are approved to control, for example, powdery mildew and mildew,
in various agricultural crops. As a consequence, their residues have been documented in
water sources, in complex matrices, near agricultural areas, in concentrations that often
exceed the limit allowed by the 2013/39/EU Directive, as well as in a wide variety of
foods regulated by Regulation (EC) No. 396/2005.

In Portugal, as well as in many other countries, one of the most attacked production
areas has been viticulture which, due to the occurrence of warm and humidity outside of
the season, has created an environment propitious to the development of fungi diseases.
In the last years, the producers have already registered falls off in production caused by
the above mentioned fungal diseases. However, recent research indicates that fungicides
are potentially causing metabolic, endocrine and carcinogenic disorders in animals and
humans. Taken together, this information reflects the environmental risk of these
compounds that is urgent to evaluate in order to find the most appropriate solutions.
Considering what has been described, this study proposes the evaluation of the toxicity
of synthetic fungicides (azoxystrobin, tebuconazole and mancozeb) and natural
fungicides (thymol, extract of Equisetum and extract of Mimosa tenuiflora) in zebrafish
embryos. In general, the toxicological mechanism of these compounds was investigates
through the studies of the developmental toxicity and biochemical changes observed in

exposed zebrafish embryo/larvae.
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2. The use of pesticides in agriculture

With population growth, agriculture must respond to consumption and demand for
agricultural and horticultural products. In this way, there must be a control of all the
parameters that can affect the production, of which it is highlighted the agricultural pests.
Target pests include any living organism that causes damage, transmits or produces
disease in plants, crops, and human (Copplestone 1988; Spence et al., 2008). In order to
control the pests and protect agricultural and horticultural crops, techniques such as gene
improvement (Punja 2001), physical, chemical and biological methods (Wright 2014;
Knipling 1965) are currently applied being the most common method based on the use of
chemical pesticides.

In 1986, the Food and Agriculture Organization of the United Nations (FAO),
defined pesticide “as any substance or mixture of substances intended for preventing,
destroying or controlling any pest, including vectors of human or animal disease,
unwanted species of plants or animals causing harm during or otherwise interfering with
the production, processing, storage or marketing of food, agricultural commodities, wood
and wood products or animal feedstuffs or which may be administered to animals for the
control of insects, arachnids or other pests in or on their bodies” (NATIONS 1986). These
compounds can be naturally derived, synthetically and inorganic produced substances
that includes bactericides, baits, fungicides, herbicides, insecticides, lures, rodenticides,
and repellents (Ferrer 2003).

Nowadays, the European Union has tight legislation on the marketing and use of
pesticides, but this has not always been the case. When dichlorodiphenyltrichloroethane
(DDT) was discovered, in 1939 (Turusov, Rakitsky, and Tomatis 2002), it was used in an
abusive and deregulated way, causing many environmental and atmospheric damages on
the planet (van den Berg 2009). In fact, although pesticides have some benefits
(improving productivity, protection of crop losses/yield reduction, vector disease control,
quality of food and other areas), they have many adverse environmental impacts their
persistence can make once-rich soil unusable for farming, affecting soil fertility,
bioaccumulation can wipe out living creatures and sources of food, and its runoff and
groundwater infiltration can contaminate water (Morgado et al., 2016; Cruzeiro et al.,
2016) and environmental non-target organisms (Aktar, Sengupta, and Chowdhury 2009).
Additionally, pesticides have the potential for various unintended negative impact on

human health, ranging from respiratory issues (Kirkhorn and Schenker 2002), the

2
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impairment to the central nervous system (Rosenstock et al., 1991; Korsak and Sato
1977), developmental issues in babies and children, to different types of cancer (Daniels,
Olshan, and Savitz 1997; Buckley et al., 2000).

Within the pesticides group, fungicides stand out for their high use in pest control in
agriculture. These compounds are applied several times at short intervals (eg less than 15
to 15 days in certain cultures). The regular use of fungicides may pose a risk to the
environment, particularly if residues persist in the soil or migrate off-site and enter
waterways. If this occurs it could lead to adverse impacts to the health of terrestrial and
aquatic ecosystems. The way the applications are made also helps the compounds to
disperse easily, since most of the fungicides used in agriculture are applied by spraying
(Wightwick et al., 2010). Thus, the toxicity of such pesticides should be further studied
in order to be able to control the damage caused by their use and thereby allow the entry
of compounds with fungicidal activity but with a lower toxicity due to their formulation

based on natural compounds.
3. Fungicides

The fungicides can be classified in several ways, using different criteria, but the most
commonly employed are the mode of action and the chemical group: Inorganic
Compounds (eg. Copper-based fungicides); Dithiocarbamates (DTCs) which can be
classified into three subclasses depending upon their carbon skeleton:
dimethyldithiocarbamates (DMDCs) such as ziram, thiram, and ferbam; ethylenebis
dithiocarbamates (EBDCs) such as mancozeb, maneb, zineb, and metiram;
propylenebis(dithiocarbamates) such as propineb; Triazoles (eg. Tebuconazole and
difeconazole) whose antifungal activity is based on their ability to inhibit
Cytochrome P450 14-o sterol demethylase (CYP51A), a key enzyme for sterol
biosynthesis in fungi, affecting the permeability of the cell membrane and, consequently,
the development of the mycelium of the fungus (Konwick et al., 2006; Croucher, Jewess,
and Roberts 2007; Sancho et al., 2010); Benzimidazoles (eg. carbendazim, benomyl, and
thiophanate-methyl) that inhibit B-tubulin assembly during mitosis and were first used to
control gray mold (B. cinerea) and apple scab (Venturia inaequalis); Phthalimides are
one of the oldest groups of fungicides; Dicarboximides (eg. vinclozolin, iprodione,
and procymidone) are inhibitors of the triglyceride biosynthesis in sclerotia-forming

fungi, including Botrytis cinerea; Strobilurins or Qol-Fungicides, (eg. Azoxystrobin)
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which have a common antifungal mode of action, inhibiting electron transfer at the Qo
site in mitochondrial complex Il and there are more three fungicides classes
Phenylamides, Phenoxyquinolines and Phenylpyrroles.

However, fungicides can also be classified according to where they are active in the
disease cycle: (1) protectant or preventive, applied before the fungus is present in order
to prevent their attack on the crop, if they are effective prior to infection and the initiation
of the disease cycle; (2) curative, fungicides that are effective against the fungus growing
in the leaf tissue post the infecting spore germination; or (3) eradicate or antisporulant,
directly applied on the fungus to eliminate it by preventing it from further contaminating
the culture, that is, fungicides that are capable of stopping sporulation by the pathogen
(Angelotti et al., 2014; Caballero, Finglas, and Toldra 2015).

One of the major problems with the use of these compounds is the way they are
applied. The vast majority is dissolved in water and sprayed over the crops. This method
is dangerous both for the performer that can be exposed directly to these compounds, and
to the other crops and animals because much of it stays in the air, soil and water (Bird,
Esterly, and Perry 1996). As such, there is a need to evaluate the effects of these
compounds on the organisms present in the environment where they are applied. There
are already toxicological studies conducted that addressed the effects of some classes of
fungicides, which include reproductive effects, changes on the functioning of the thyroid
(Trivedi et al., 1993), act as endocrine disrupters (Yu et al., 2013), and some even being
cancerous and neurotoxic (Faro 2010). However, there is still a long path of research to
be carried out. There are more and more alternatives of synthetic fungicides on the
market, with natural products providing opportunities for new drug leads but about which
very little is known.

In the present study, three synthetic fungicides of different classes (Mancozeb
(Dithiocarbamates), Tebuconazole (Triazoles) and Azoxystrobin (Strobilurins)) were
selected to evaluate its toxicological effects, using zebrafish as an animal model. Three
other natural-based products with proven fungicide activity (plant extracts and essential
oils) were evaluated since they are thought to be an alternative to the use of synthetic

compounds. Yet, few or no information is known about their effects at the organism level.
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3.1. Synthetic fungicides
3.1.1. Strobilurins - Azoxystrobin

Azoxystrobin, a molecule with a high

effect as a fungicide, was developed by )[\)\
Syngenta in 1992 and was first sold in 1996 o 7
(Bartett et al., 2001). It is a systemic, broad- H _° D PNy
spectrum fungicide belonging to the class of " u
methoxyacrylates, which are derived from the

Figure 1 - Azoxystrobin molecular structure.
strobilurins  (naturally-occurring compound)
(Fig. 1). Its IUPAC name is [methyl (E)-2-{2-[6-(2-cyanophenoxy) pyrimidin-4-
yloxy]phenyl}-3- methoxyacrylate, molecular formula C22H17N3Os and its molecular
weight is 403.4 g mol™* (Bartlett et al., 2002; Romeh 2017).

This compound is the active formulation of Quadris®, and others fungicide such as
Ortiva®, Abound®, Priori®, Quilt® and Amistar®Opti, mostly sold by Syngenta
(Mastovska 2008; Rodrigues, Lopes, and Pardal 2013). It is used in about 72 countries
and is applied in a wide variety of crops (Bartlett et al., 2002). It is effective against four
major groups of plant pathogenic fungi including ascomycetes (e.g., powdery mildews),
basidiomycetes (e.g., rusts), deuteromycetes (e.g., rice blast) and oomycetes (e.g., downy
mildew) (Bartlett et al., 2002; Romeh 2017).

3.1.2.  Toxicological effects

The mode of action of azoxystrobin in fungi is through the disruption of
mitochondrial electron transport chain, between the complex Il (cytochrome c
oxidoreductase or cytochrome bcl) and the complex IV (cytochrome ¢ oxidase),
preventing ATP synthesis (Rodrigues, Lopes, and Pardal 2013). As a result of this
inhibition, there is a leakage of electrons from the mitochondrial chain that eventually
triggers oxidative stress processes at the cellular level, since excess free electrons cause
an increase in the production of reactive oxygen species (ROS) (Osellame, Blacker, and
Duchen 2012; Turrens 2003; Rodrigues, Lopes, and Pardal 2013). Although it has been
developed with the aim of acting as a fungicide, it also has effects on other organisms and
can cause serious environmental problems. Indeed, and although its residues might affect

the environmental safety and human health when they are found in amounts above the
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maximum residue limits (MRL, 0.01 mgkg™ for a wide range of products and 70 mgkg™*
for aromatic plants and edible flowers), there are still few studies about its toxicological
effects. In a recent study carried out by Cao and his workgroup in 2016, this compound
was shown to adversely reduce egg production, fertilization and to induce histological
alterations in the gonads and liver of adult zebrafish. It could also significantly affect the
MRNA levels of genes involved in the oding of follicle stimulating hormone (FSH), for
luteinizing hormone (LH), corticosteroids and vitellogenin, which can be used as markers
of estrogenicity in early stages of zebrafish development (Cao et al., 2016).

This compound has also been shown to have other effects on the zebrafish
embryonic development and on some enzyme activities, with a median lethal
concentration (LCso) of 1.18 mgL™? in a study by Jia et al., (2018). Azoxystrobin
treatments inhibited glutathione S-transferase (GST) activity, which was the opposite
response from the malondialdehyde (MDA) contents. In the early period of exposure, an
increase in ROS was observed in the liver of female zebrafish, and carboxylesterase
(CarE) was activated to degrade azoxystrobin as well as catalase (CAT) and peroxidase
(POD). After 14 days of exposure, POD activity decreased and superoxide dismutase
(SOD) activity was increased due to an increase in ROS production. With the prolonged
exposure, CAT, POD, SOD and GST activities were increased due to an excess increase
of ROS (Jia et al., 2018).

A recent study also focused on the effects of exposure to azoxystrobin in zebrafish
with a determined median lethal concentration (96 h-LCso) value of 0.777 mgL™? (Jiang
et al., 2018). The results showed a ROS accumulation, increased GST, GPX and POD
activity and the transcriptions of antioxidant and stress response related genes, while the
opposite trend occurred for SOD and CAT activity following a 24h or 48h exposure
period. The increased E> and VTG levels in zebrafish larvae, and altered transcription
levels of regulatory and steroidogenic genes in the hypothalamus-pituitary-gonad (HPG)
axis indicated an endocrine disruption (Jiang et al., 2018).

In another study conducted by Cao and colleagues (Cao et al., 2018) in zebrafish
larvae and adults showed short-term developmental toxicity to larval and adult zebrafish
after 8 days of exposure, including inhibited mitochondrial complex Il activity, reduced
ATP concentration, elevated ROS and MDA concentration, activated antioxidant enzyme
activities (SOD, CAT and GPx), alteration of liver histology and mitochondrial
ultrastructure, and changes in the expression of genes related to mitochondrial

respiratory, oxidative stress, cell apoptosis and innate immune response.
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Han, in 2016, performed a study exposing adult zebrafish for 28 days to this
compound and observed an accumulation of ROS, which resulted in an inhibition of SOD
activity whereas the CAT and GST activities were increased. Eventually, the antioxidant
system was overwhelmed, resulted in lipid peroxidation and caused DNA damage.

Although there are already some studies in the early stages of development in
zebrafish, there are still pathways and mechanisms of action that remain to be explored.
This is a very important and sensitive phase where the occurrence of damages can

compromise the development of the animal.
3.1.3.  Ecotoxicological impact

Since fungicides hit crops and animals that are not their target, they have become a
major environmental problem. When accumulated in the soil, they can affect its properties
(Joint 2001), since the soil has a high affinity for hydrophobic organic pollutants.
However, it can also act as an aid in the natural degradation of these compounds (some
bacteria present in soils) (Cai et al., 2008; Arias-Estévez et al., 2008). However, when in
a great quantity, pesticides end up not being degraded, accumulating in the soil and
affecting crops, eventually being absorbed by fruits (Hayward and Grierson 1960; Liu,
Huang, et al., 2016). In addition, pesticides may be leached by the water, eventually
reaching groundwater, rivers and streams (Arias-Estévez et al., 2008).

At the soil level, several fungicides are depleted and may cause various
environmental problems. Many of the fungicides degrade when on the soil, and depending
on their solubility and affinity they may be more retained in the soil, contaminating the
same and other applied crops in that soil, or being leached more easily, thus reaching the
rivers and seas (Arias-Estévez et al., 2008; Cai et al., 2008; Li et al., 2015; Morgado et
al., 2016).

A study performed by Adetutu and co-workers (2008) showed that the metabolism
of azoxystrobin in soil occurred within 21 days even in the absence of light and
metabolites may persist after 21 days. The authors observed that it causes changes in the
total structure of the soil fungal community, increasing or reducing the diversity of fungi
in the soil. Azoxystrobin has also been shown short-term differential inhibitory effects on
different fungal strains. This can damage non-target soil organisms, like nitrifying

bacteria.
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The azoxystrobin-based concentrations found in the environment were reported as
up to 30 pgL? in Europe (Berenzen et al., 2005) and 4.6 pugL™ in the United States
(Smalling and Orlando 2011). Some studies reported in Portugal show that traces of
azoxystrobin are found in Portuguese rivers and the concentrations can fluctuate from
11.1 to 154.61 ngL* according to the season of the year. In the Iberian Douro River, it
was found in concentrations in the order of 29.9 ngL! (Max) (Cruzeiro et al., 2017). In
the Ria Formosa Lagoon, south of Portugal, a study showed that a number of pesticides,
including azoxystrobin, can be found at a maximum concentration of 154.6 ngL™
(Cruzeiro et al., 2015). However, until now, the concentrations that were tested in animal
models ranged from 4.2 to 12 ugL™. A study by Kunz (2017) showed that azoxystrobin
may have negative effects, reduce the biomass and reproduction, on aquatic invertebrates
(H. azteca, C. dilutus, and C. dubia).

In view of these studies, and considering the persistence of this synthetic fungicide
in the environment, studies should be carried out to evaluate the effects of this compound

on non-target organisms.

3.2.1. Triazoles - Tebuconazole

Tebuconazole belongs to the triazoles group, one of
the largest classes of fungicides. Bayer was the first to
launch a triazole, namely triadimefon (Bayleton) in 1973 {/“\\N OH
(Jayaratne et al., 2001). With the advancement and need to Nﬁ“/
respond to other problems, the research in this class of
fungicides continued. Until 1986, several compounds were Cl

Tebuconazole

developed with tebuconazole being one of them. Its
commercial names include HWG 1608, Bay HWG 1680, ;igllégilarzstrdctu:ee Puconazole
Folicur, Raxil and Elite. Bayer is a major producer of this
fungicide. This compound has an enantiomeric structure, however the fungicidal activity
of the (2)-R-tebuconazole is greater than (1)-S-tebuconazole),

Tebuconazole is a systemic follicular fungicide that is rapidly absorbed in the
vegetative parts of the plant. It is a broad-spectrum triazole fungicide with the molecular
formula C16H22CIN3O and a molecular weight of 307.822 g mol™ (fig. 2). It is used in a

large number of cultures, in combating fusarium, rusts, white rot, and powdery mildew.
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The MRL described by the regulation of the European Parliament and of the Council for
this compound range from 0.02 to 40.0 mg kg* depending on the different foods.

3.2.2. Toxicological effects

The mode of action of this compound is based on the inhibition of the sterol 14a-
demethylase. This enzyme is one of the intermediates in pathways leading to the
formation of cholesterol in humans and ergosterol in fungi (Zarn, Bruschweiler, and
Schlatter 2003). Due to the tebuconazole’s mode of action, this compound raises
suspicions about how it acts on non-target organisms and what adverse effects it will
induce. However, there are still few animal toxicological studies of this compound. It has
been studied in animal models such as Daphnia magna. A study carried out by Qi (2018)
demonstrated that the racemic mixture of tebuconazole have medium toxicity to D.
magna while S-tebuconazole has slightly more toxicity than the other two configurations.
When exposure time increased to 14 days, rac-, R-, and S-tebuconazole could induce
significant changes in the activity of chitinase and chitobiase. Moreover, a study carried
out by Yu and his work group in 2013, showed that tebuconazole can function as a
deregulator at the thyroid level. Larvae of zebrafish exposed to this compound presented
increased T3 levels while decreased T4 concentrations. Furthermore, a series of
transcription genes involved in the hypothalamic-pituitary-thyroid (HPT) axis was
changed. The results demonstrated that the exposure might result in thyroid endocrine
toxicity, thus affecting the normal development of zebrafish larvae. In another study
conducted with adult zebrafish, it has been shown that animals take quite some time to
replenish the levels of certain compounds in the body once their production has been
affected by the tebuconazole. The levels of glucose, lactate, cholesterol and triglycerides
increased, with cholesterol and glucose recovering after 14 days of recovery period
whereas triglycerides and lactate continued to be elevated and other parameters were not
stabilized (Sancho et al., 2010).

Despite the above mentioned, no embryo development toxicity studies are found in
the literature. Thus, it is of interest to carry out more studies in which its effects should

be evaluated during the embryonic development.
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3.2.3. Ecotoxicological impact

In 2005, Berezen and co-workers showed that the maximum concentration of
tebuconazole found in the environment is 9.1 pgL™ in Europe. This study was performed
with samples from 13 streams in the region of Braunschweig (northern Germany). In
Portugal, traces of tebuconazole are found in rivers and the concentrations can fluctuate
from 28.7 to 198.1 ngL* according to the localization and season of the year. In the
Iberian Douro River, it was found at the maximum concentration of 151.9 ngL* (Cruzeiro
et al., 2017) while in the Ria Formosa Lagoon, a study showed that it can be found at a
maximum concentration of 62.4 ngL™* (Cruzeiro et al., 2015).

Although this compound does not yet have many reports in the literature, it is thought
that its application poses some risks. Some studies on fungicide effects in soil have
emerged over the years. In 2011, a study carried out by Herrero-Hernandez (2011)
showed that dissipation was more rapid in amended soils than in unamended ones, and
the processes of fungicide persistence, mobility and degradation in the soil were affected
to a greater or less extent over time by solid matter.

Since some of the already existing studies deal with the theorical problems of this
compound in some species, and increasingly this compound is detected in the
environment, it is relevant to carry out studies on this subject. Advancement in the study
of this theme will allow a clear understanding of the effects of this compound on non-
target organisms and the environment that surrounds them, studying the pathways of
degradation of the compounds, and their specific targets.

3.3.1. Dithiocarbamates - Mancozeb

Mancozeb, also known as dithane or ot . . Mn2* .
1,2-ethanedicarbamic acid, is an ethylene 2 NH N g ; NH N g
bisdithiocarbamate (EBDC) fungicide. In s __/ s ¢ / s

1962, Rohm and Haas registered the zinc

ethane-1.2-divldicarbamodithioate

Figure 3 - Mancozeb molecular structure
ion complex of maneb (mancozeb), a

broad-spectrum fungicide (Runkle et al., 2017). Its molecular formula is
C4HsN2SsMn.CsHeN2SsZn, represented in fig. 3, and this compound has a molecular

mass of 541.01 g mol! (Bolton et al., 2008). In agriculture, this fungicide is used to
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protect many vegetables and fruits for roughly 400 different plant pathogens (Wexler et
al., 2005).

Numerous legislations on maximum residue limits for food of plant and animal
origin have been established, which range from 0.05 to 25.0 mg kg depending on the
different foods. One of the major problems with the use of this compound is that in the
presence of oxygen and water it can be quickly hydrolyzed and form ethylenethiourea
(ETU), ethyleneurea (EU), ethylene bisisothiocyante (EBI) and ethylene
bisisothiocyanate sulfide (EBIS). ETU is extremely toxic with a persistence of 5-10
weeks and has a great mobility in the soil due to its high solubility in water, unlike
mancozeb that is little soluble in water (Hwang, Cash, and Zabik 2003; Hayes and Laws
1991).

3.3.2. Toxicological effects

Mancozeb itself has no fungicidal activity, only when it is exposed to water and is
quickly hydrolyzed into EBIS which in turn, via the action of UV light, is then converted
into EBI. These metabolites are thought to interfere with biochemical processes within
the fungal cell cytoplasm and mitochondria resulting in the inhibition of spore
germination. The activity of mancozeb is purely protective in that the compound remains
on the leaf surface and does not penetrate through the cuticle, no systemic redistribution
occurs, it does not have any curative fungicidal properties (Cryer et al., 2015) .

Another metabolist of mancozeb is ETU which is extremely toxic and responsible
for the toxicity associated with the class of EBDC. This compound is associated with
negative effects on the thyroid, which were recognized in the 1950s by Ivanova-
Chemishanska, and in the 1960s its mechanism of carcinogenicity was described as
nongenomic and linked to changes in thyroid hormone levels. ETU is responsible for an
increase in the thyroid stimulating hormone (TSH) (lvanova-Chemishanska, Markov, and
Dashev 1971) and increased pituitary weight (Raizada, Datta, and Dikshith 1979).
However, not only the EBDC cause thyroid problems, but also the azoles class of
fungicides, like tebuconazole and haxanoconazole, can cause thyroid effects, according
to a study by Yu and his group in 2013, using zebrafish as an animal model.

Mancozeb has very adverse effects. A study conducted by Belpoggi and co-workers
(2006), in which a long-term exposure of rats to this compound was performed, showed

that mancozeb should be considered a multipotent carcinogenic agent, capable of
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producing tumors of many types in various sites in treated animals. This compound also
induces toxic effects on mammalian granulosa cells, according to Paro and workgroup
(2012). Even though at low concentrations, this compound can negatively affect both the
mouse and human and suggests that, at least concerning the reproductive system, it may
affect human reproduction which is also supported by a recent study in which birth defects
were detected in three infants exposed to mancozeb during pregnancy (Calvert et al.,
2007). Mancozeb is also related to possible mitochondrial dysfunction and neurotoxicity,
being a pro-oxidant neurotoxicant and inducing ROS generation (Domico et al., 2007).
Moreover, this compound has also the ability to attack blood cells at DNA and
chromosomal levels (Marques et al., 2016).

Mancozeb degrades very rapidly, and its metabolites are even more toxic than this
when in contact with the soil, water or air can easily reach the non-target organism
causing damage and also affecting other crops and degrading the soil, impeding important
processes.

3.3.3. Ecotoxicological impact

Mancozeb reduce the process of ammonification and nitrification (Walia et al.,
2014). Similar results were observed for nitrifying and ammonifying bacteria. Phosphorus
solubilization was increases with the concentration of mancozeb used. In unamended soil,
microbial biomass carbon and carbon mineralization were adversely affected by
mancozeb. Soil enzymes, that is, amylase, invertase, and phosphatase showed an adverse
and disruptive effect when mancozeb used was above 10 ppm (Walia et al., 2014).

There are also studies on the effects of this compound that show that it can have
impacts on carbon and nitrogen mineralization in soils. In 2009, Cernohlavkova and co-
workers, realized a study to detected if this fungicide had significant toxic effects on
nitrogen transformation processes. Although the adverse effects were not long lasting, the
potential risk of using this pesticide on soil microorganisms may exist. In soil microbial
ecotoxicology, there is often a dilemma on how to distinguish between stimulation and
inhibition of tested substances. The results emphasized the focus on specific microbial
parameters such as nitrification.

It is important to understand the effects of this compound on early stages of
embryonic development since the animals are born in already contaminated
environments. However, there are still no studies that deal with ecotoxicology from this

point of view, and studies for this compound are not available, using animal models.
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3.2. Natural fungicides

Taking these arguments, about synthetic fungicides, into consideration, there is the
need for the use of compounds that have fewer effects on living organisms and
environment but that can be effective in attacking crops and protecting against the
different diseases. Thus, there has been a growing interest in introducing new products
that are safe for human and non-target organisms and environmentally safe. In response
to the aforementioned needs, there has been an increasing interest in natural based
pesticides (Tripathi and Dubey 2004).

The optimization of plant natural compounds with proven fungicidal activity against
fungal diseases for agriculture is an important research because it would permit to search
some important alternatives to the use of synthetic fungicides.

Plants have some tools for combating fungi and diseases caused by them. Those
tools can be physical barriers and chemical, that can be external or compounds produced
by the plant itself (secondary metabolites). Plant extracts are a group of substances
extracted from different parts of plants which contain a great number of compounds with
fungal properties. These can be aqueous and hydroethanolic extracts (Shabana et al.,
2017). An example is the extract of Equisetum (Radulovic, Stojanovic, and Palic 2006)
and the extract of Mimosa tenuiflora (Padilha et al., 2010). Relative to the first one, a
recent study by Yeganegi (2018) assessed, among other data, the antimicrobial effect on
the growth of some pathogenic strain causing poisoning and infection, in which it was
concluded that this stratum had a favorable activity against most of the tested
microorganisms. Also, the extract of Mimosa tenuiflora was studied by Padilha (2010)
in clinical isolates of Staphylococcus aureus also obtaining favorable results against the
same. Overall, these studies support their antifungal properties.

Moreover, aromatic plants are especially rich in essential oil which have been used
in foods as flavoring agents (Burt 2004). Most of these compounds are terpenes and have
fungicidal properties (Bocquet et al., 2018; Medeiros et al., 2016; Thomidis and Filotheou
2016). Essential oil can be directly used or substances responsible for the antimicrobial
properties can be isolated such as active terpenes, for example, eugenol (Xie et al., 2017),
thymol (Sharifzadeh et al., 2018; Ribes et al., 2017) and carvacrol (Chavan and Tupe
2014). Some of these compounds also have fungal activity. A study by Ahmand (2011)
showed that thymol and carvacrol can disrupt ergosterol biosynthesis and membrane
integrity against Candida. Another study performed by Abbaszadeh (2014),
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demonstrated thymol, carvacrol, eugenol and menthol as alternative agents to control the
growth of food-relevant fungi (Aspergillus spp., and Cladosporium spp.). The increase of
the concentration of the tested compounds was directly related to the significant reduction
of fungi growth.

As most of the essential oils with antifungal activity are peonline strata, the
mechanism of phenolic compounds centers on their effects on cellular membranes.
Simple phenols disrupt the cytoplasmic membrane and cause leakage of cells. Phenolics
may also inhibit cellular proteins directly. However, some researchers have concluded
that phenolic compounds may present many mechanisms of action and that there may be
several targets which lead to inhibition of microorganisms (Davidson, Taylor, and
Schmidt 2013).

Although it is thought that these compounds may be a more environmentally friendly
alternative in combating fungi, there are still no sufficient toxicological studies to state
that these compounds have no counterpart, and which doses can be applied without

causing no problem, for the environment as well as for humans and non-target organisms.
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4. Zebrafish as a model system

In general, the use of different animal models and in vitro cellular or tissues
preparations as long been the basis for studying the toxicological and mechanistic
responses induced by chemical and drug exposure in order to find clues about human
diseases and disorders (Saeidnia, Manayi, and Abdollahi 2015; Doke and Dhawale 2015).
However, in the last years, the international regulations and guidelines for animal
experimentation require the implementation of 3Rs (replacement, refinement and
reduction) (Russell, Burch, and Hume 1959). Different methods and alternative
organisms have been applied to implement these principles. The use of the early life
stages of zebrafish has become a model of choice as an alternative to mammalian testing
for toxicology and biomedical research (Doke and Dhawale 2015) being considered as
replacement or refinement methods (Lammer et al., 2009). Indeed, since the work of
George Streisinger suggesting this species as an animal model for basic research, based
on its embryonic and genetic features (Stahl 1985), several laboratories worldwide have
recognized and implemented zebrafish embryos as a major alternative model organism
for science research, been currently used in the most diverse areas such as in embryonic
development, genome evolution (Postlethwait et al., 2004), behavior analysis (Clark,
Boczek, and Ekker 2011) (eco)toxicology evaluation (Peterson and Macrae 2012),
physiology (Lohr and Hammerschmidt 2011) as well as to study human-related diseases
(Lieschke and Currie 2007; Santoriello and Zon 2012; McCluskey and Postlethwait
2015), among others.

4.1. Characteristics

The zebrafish (Danio rerio) is a freshwater teleost fish native to South-East Asia
which, according to the regulatory criterion of independent feeding (up to 120 hours post
fertilization, hpf), are considered as non-protected (Strahle et al., 2012), surpassing the
ethical issues concerning other models’ embryonic studies. Moreover, zebrafish embryos
present a unique combination of genetic and experimental embryologic features with
approximately 70% of human genes showing at least one obvious zebrafish orthologue,
making them ideal for embryonic studies and allowing the easier generation of transgenic
animals (Lele and Krone 1996). It is a small teleost fish with 3-5 cm being the easiest

vertebrate to keep in the laboratory, requiring a small space and reduced maintenance
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costs compared to other high models (Lieschke and Currie 2007; Avdesh et al., 2012).
Zebrafish has a very high reproductive rate, their fertilization takes place externally
(Teraoka, Dong, and Hiraga 2003), and present some similar structural and physiological
characteristics with humans (Postlethwait et al., 2004). The embryos are transparent and
develop externally offering a complex and multicellular system in which the interaction
of various tissues and developmental processes is integrated (Zon and Peterson 2005).

While the described advantages suggest this model as an ideal model for vertebrate
developmental studies, it should be noted that this alternative animal model has some
limitations. For instance, zebrafish lacks some organs, such as lungs, limbs and others
(Alietal., 2011). In addition, it is a poikilothermic organism and the developing embryos
do not have a placenta although presenting a protection structure with similar a function,
the chorion (Lieschke and Currie 2007). Another specific practical concerns are the
genome duplication that may affect some, but not all, genes (Spitsbergen and Kent 2003),
the differences in the proliferation rates during neurodevelopmental periods of zebrafish
and the lack of advance and knowledge of certain brain areas, its structures and their
relation with mammalian counterparts (Stewart et al., 2014). The presence of the chorion
up to 48 hpf may difficult the administration of compounds; however, this can be
overcome by manual or automated removing processes or using advanced techniques
such as microinjection (Bugel, Tanguay, and Planchart 2014). Moreover,
pharmacokinetic studies are limited in this species not only due to problems related to the
administration of water-soluble compounds and the use of solvents that can impact
toxicological outcomes but also due to the gap in knowledge of functional metabolic
processes in zebrafish embryos (Verbueken et al., 2017).

Nevertheless, despite the limitations, the characteristics present by this small teleost
fish show its potential as an alternative toxicity testing strategy which is reflected by the
increased number of publications using zebrafish that further underlines its growing
popularity and impact in biomedical and (eco)toxicological research.
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4.2. Embryonic development

Zebrafish have a notoriously fast embryonic development, and due to the fact that
their eggs are transparent, their development can be accompanied- to detail with the help
of a microscope.

Its development begins immediately after fertilization with the phase known as
zygote (1 single cell). In this phase, the migration of cytoplasm begins in the direction of
the animal pole with the purpose of giving rise to a blastodisc. There follows the cleavage
period in which there is a high cell division rate. This period starts soon after the zygote
phase and lasts until about two hours thereafter. At the end of this step, it is expected that
there are already at least 64 cells and 4 tiers of blastomeres (Kimmel et al., 1995).

The blastula period is characterized by critical changes in the embryo and the
formation of more blastomeres. The formation of the blastula itself occurs when the cells
migrate to the periphery and begin to delimit an internal cavity called the blastocyst
(Kimmel et al., 1995). The formed blastula cells begin to rearrange migrating to the
internal region (endoderm and mesoderm) and more surface give rise to ectoderm. The
next phase starts at 5 hpf and has the name of gastrulation and lasts for about 5 hours,
until 10 hpf embryo, at which segmentation stage begins (Dahm, Geisler, and Niisslein-
Volhard 2005; Kimmel et al., 1995).

By 24 hpf embryo has all the major tissues and many organ precursors formed, and
it is possible to observe the beating heart, the circulating blood, the central nervous
system, the eyes and optic vesicles (Kimmel et al., 1995; Dahm and Geisler 2006;
Peterson and Macrae 2012; Sumanas and Lin 2004).

The major organs are formed within 24-48 hpf during the period of pharyngula in
which the organs become functional and the circulatory system begins to form. Between
48-72hpf hatching period begins (Kimmel et al., 1995). At this point, the larva already
has its internal organs with toxicological interest such as the liver (Gupta and Padilla
2014), pancreas, thyroid gland, a vascular network and a blood-brain barrier (Sumanas
and Lin 2004; Scholz et al., 2008).
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Some of the development phases images correspondent to different development
hours post fertilization, referred throughout the above description are represented in
figure 4.

2-3hpf 8hpf 24hpf 48hpf 72hpf 96 hpf

Figure 4 - Embryonic development of zebrafish at different hours post fertilization.

4.3. Effects of fungicides in early zebrafish development

The early stages of zebrafish development are increasingly used to test several
compounds such as fungicides. However, only a few classes have been tested in this
model. One of the classes with some studies carried out in this model is the triazole
classes. A study in which zebrafish fertilized eggs were exposed to difenoconazole
showed induced changes in the embryonic development including hatching inhibition,
abnormal spontaneous movement, slow heart rate, growth regression and morphological
deformities. The teratogenic effects on yolk sac and pericardium of the embryos as well
as on the larvae notochord were described. In the subsequent phase, difeconazole at a
concentration of 0.50 mgL* caused a significant body color blackening and a decrease in
the heart rate of zebrafish larvae. In addition, the concentration of 0.25 mgL! inhibited
the growth weight of adult zebrafish after 14 days exposure (Mu et al., 2013). The effects
of another triazole, fenbuconazole, in zebrafish embryos were also studied (Wu, et al.,
2018). The development and cardiac functioning were observed after exposure to 5, 50
and 500 ngL™ nominal concentrations for 72h. The results showed that the highest
concentration caused significantly increased pericardial edema rate, spine curvature rate,
disturbed cardiac function and led to shortened lower jaw. The transcription of genes was
also altered.

Another fungicide for which this model was used to evaluate the toxicity was
Mancozeb, the EBCD fungicide. A study carried out by Costa (2018) , assessed the
potential embryotoxic effects induced by mancozeb (from 5 up to 72 hpf) as well as the
role of ROS in this process by the pre-treatment with a classical antioxidant (N-
acetylcysteine, NAC). Markers of ROS, glutathione reduced form (GSH) levels and GST
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activity were measured along with genotoxicity (comet assay), cell death (acridine
orange) and behavioral parameters (spontaneous movement, touch stimulation and
swimming response), in order to determine potential mechanisms of embryotoxicity. The
results of this study showed that this compound was able to induce morphological
abnormalities such as body axis distortion, DNA damage, cell death, increased ROS
generation and changes in behavioral endpoints, during zebrafish development.

Despite the referred reports, fungicides are still little studied at the biochemical level
and on vital parameters of the early stages of organism’s development. It is not known
what happens in aquatic and terrestrial environments to animals exposed to these
compounds, since many are born in contaminated environments. There are also no reports
at the ecotoxicological level of the effects of some classes of pesticides and even of the
recent natural alternatives that are entering the market. Therefore, it is of interest to assess
the effects on development and at the cellular level, using alternative models as is the case
of zebrafish and evaluate the different LCso for each compound in order to make their use

safer.
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5. Biochemical parameters

A number of biochemical parameters have been used under laboratory conditions to
evaluate chemical toxic effects after exposure of embryonic zebrafish. Within the
biochemical techniques, several drug-induced responses can be evaluated according to
the type of study to be performed that underlie the basis for compounds’ biological
effects, biotransformation and toxicity. Sensitive cellular biomarkers of exposure have
been used, providing valuable information on the cellular damage induced by compounds
that can be used as early indicators of toxicity. Among them, the determination of
biotransformation enzymes (phase | and Il enzymes), oxidative stress parameters, stress
proteins, metallothioneins and neurotoxic parameters are commonly used. These
biomarkers have been successfully employed in a variety of research areas through
different assays complemented with genetic approaches.

Relative to the biotransformation, this process is induced, following exposure of
toxic substances to fish and occurs in two-phase steps. Phase | reactions are the major
pathways for the biotransformation of compounds, rendering the xenobiotic molecule less
active through the inclusion of polar groups and, thus, making it more water-soluble,
enabling Phase Il reactions to take place (Almeida et al., 2015). While Phase | reactions
include oxidation, reduction and hydrolysis reactions, Phase Il detoxification involves
conjugation reactions such as glucuronidation, sulfation, methylation, acetylation,
glutathione and amino acid conjugation (Jancova, Anzenbacher, and Anzenbacherova
2010). The main enzymes involved in the Phase | reactions are cytochromes P450 (CYPs)
and others associated with the smooth endoplasmic reticulum (microsomes) (Bucheli and
Fent 1995) performing mainly hydroxylations, hence, acting as monooxygenases,
dioxygenases and hydrolases (Jancova, Anzenbacher, and Anzenbacherova 2010). This
family is regulated by the aryl hydrocarbon receptor and is usually integral to the
detoxification of many exogenous chemicals (Goldstone et al., 2009). Studies have shown
that the cytochrome P450 1A (CYP1A), a class of cytochrome P450 isozymes, is a more
suitable biomarker for fish toxicity. The induction of CYP1A is usually associated with
the enzyme activity of 7-ethoxyresorufin-O-deethylase (EROD) (Whyte et al., 2000). The
CYP1A catalysis the oxidative dealkylation of 7-ethoxyresorufin into the fluorescent
resorufin which is mediated by a NADPH-cytochrome P450 reductase (Gagnon and
Rawson 2017). Usually, other measured enzymatic activity in zebrafish embryos is

related to the carboxylesterase enzyme. This enzyme belongs to the class of hydrolases
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being part of the most effective pathway in the degradation of pesticides (Wheelock,
Shan, and Ottea 2005). Although research on these enzymes is still developing, in the
case of zebrafish, this enzyme hydrolyses triacylglycerides and esters, thereby, being
considered a phase | enzyme due to the important role it plays in the metabolization and
excretion of toxic compounds (Hatfield et al., 2016). The quantification method for the
activity of this enzyme family is based on a resorufin-based probe through the
introduction of p-acetoxyphenylmethyloxy as a bi-functional moiety to resorufin. This
substituent not only quenches the spectroscopic signal of resorufin, but also serves as a
recognition unit for carboxylesterase (Zhang et al., 2012).

The Phase Il enzymes also play an important role in the biotransformation of
endogenous compounds and xenobiotics and can also be used as a toxicity biomarker.
They include mostly transferases and include reduced and oxidized glutathione and
glutathione S-transferase (GST) (Jancova, Anzenbacher, and Anzenbacherova 2010). The
elimination of many xenobiotic compounds is accomplished by conjugation with reduced
glutathione (GSH) either spontaneously or enzymatically in reactions catalyzed by GST
(Lu 2009). Besides, GSH is the dominant non-protein thiol being essential to maintain
the intracellular redox balance and the thiol status of proteins (Forman, Zhang, and Rinna
2009; Lu 2009). This later is considered the ratio between reduced and oxidized
glutathione (GSH/GSSG) and has been widely used as an indicator of oxidative stress
following exposure to several compounds. In laboratory toxicity tests, the impact of
compounds has been investigated by spectrophotometric methods using the Ellman’s
reagent (DTNB - (5,5'-dithio-bis-[2-nitrobenzoic acid]) (Ellman 1959) or by fluorescence
quantification of the fluorescence resulting from the reaction with the probe o-
phthalaldehyde (Senft, Dalton, and Shertzer 2000). Overall, changes in glutathione levels
occur during early developmental stages and the GSH dynamics have been described as
important for the maintenance of the redox homeostasis, thus, allowing the correct
development of the embryo (Timme-Laragy et al., 2013). Moreover, GSH is an important
substrate for GST, an important enzyme within phase Il xenobiotic metabolism
(Massarsky, Kozal, and Di Giulio 2017), which can be evaluated by monitoring the
formation of the conjugate of GSH of electrophiles such as 1-chloro-2,4-dinitrobenzene,
1,2-dichloro-4-nitrobenzene, iodomethane, ethacrynic acid, and bromosulfophthalein
(Habig et al., 1974). This enzyme provides essential functions in intracellular transport,
as well as defense against oxidative damage and peroxidative DNA products (Birben et

al., 2012). Therefore, given the importance of glutathione to the embryo development,
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the evaluation of these biomarkers is useful in the evaluation of toxic responses induced
by different compounds.

Furthermore, biotransformation enzymes’ activity typically leads to the generation
of reactive oxygen species (ROS), through several reactions taking advantage of the
presence of oxygen (Klotz and Steinbrenner 2017). These ROS are known to interfere in
several biological processes through changes in signaling cascades at several levels
(Schieber and Chandel 2014). The formation of free radicals is continuous at the
physiological level and plays important roles in developmental processes (Hansen 2006;
Dennery 2007). Still, increased oxygen toxicity can lead to enzyme deactivation, lipid
peroxidation, DNA damage and eventually cellular death processes. The superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and glutathione
reductase (GR) are groups of antioxidant enzymes that constitute part of a cellular defense
system (Ighodaro and Akinloye 2017). SODs are redox-active metalloenzymes (requires
a metal cofactor for its activity) that catalyze the dismutation of superoxide radicals into
hydrogen peroxide and molecular oxygen (Sayre, Perry, and Smith 2008). CAT is a
common antioxidant enzyme present in almost all living tissues and responsible for the
degradation or reduction of hydrogen peroxide to water and molecular oxygen using
either iron or manganese as a cofactor (Ighodaro and Akinloye 2017). GPx is an important
intracellular selenocysteine peroxidase that breaks down hydrogen peroxide to water
(Ighodaro and Akinloye 2017), while GR catalyzes the NADPH-driven reduction of
GSSG to GSH. Overall, the interplay between these enzymes is extremely important in
the defense mechanism against reactive radicals; for this reason, these enzymes have been
proposed as biomarkers of toxicity. In general, in laboratory studies, the determination of
antioxidant enzyme activities for SOD, CAT, GPx and GR is a common procedure and
full assay procedures can be found in the literature. Briefly, SOD activity is determined
based on the formation of a colorimetric dye involving xanthine oxidase while CAT
activity is evaluated by following the decomposition of hydrogen peroxide. The GPx
assay monitors the NADPH oxidation to NADP* mediated by GR. The GR procedure is
based on the direct decomposition of NADPH (fig. 5).

Furthermore, an unbalance in these redox couples is likely to result in an
overproduction of reactive free radicals, which are very unstable and are responsible for
the alteration of macromolecules (Gutteridge 1995). Among them, lipids, nucleic acids
and proteins are the major targets (Lobo et al., 2010). The most commonly used method

to assess damage induced by oxidative radicals involves the analysis of peroxidation
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products of lipids, which are susceptible to be attacked by these radicals. The
concentrations of resulting peroxides are often assessed by absorbance of peroxidation
products or by the colorimetric complexes formed by reaction with externally added
reagents (such as TBARS assay) (Dotan, Lichtenberg, and Pinchuk 2004).
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Figure 5 - Representative scheme of some enzymatic and non-enzymatic defenses related to oxidative
stress. Adapted by (Morry, Ngamcherdtrakul, and Yantasee 2017).

Relative to the oxidized proteins, they are commonly evaluated trough the alteration
induced in the carbonyl groups while damage induced in nucleic acids is usually assessed
by a variety of subjective methods (Dotan, Lichtenberg, and Pinchuk 2004). In stress and
harmful situations, the organism also responds by inducing of cytoprotective proteins that
include the heat shock proteins (HSPs), the glucose-regulated proteins (GRPs) and the
stressor-specific stress proteins, which include metallothioneins (MTs) (Piano,
Valbonesi, and Fabbri 2004). Among these, metallothioneins and heme oxygenase
proteins have been described and quantified by simple and sensitive biochemical
methods, while HSPs have been quantified by manually intensive and time-consuming
methods (e.g. western-blot) (Lewis et al., 1999). In fact, MTs are a family of proteins
essential for the regulation, sequestration and detoxification of metals and oxidant
damage, metabolic regulation, sequestration and/or redox control and are one of the
widely studied biomarkers for assessing metal contamination in aquatic models by using
the Ellman reagent DTNB (Ellman 1959).

Besides oxidative biomarkers, additional neurotoxic parameters have been used as
important biomarkers for contamination in zebrafish. An example is the

acetylcholinesterase, an enzyme that, besides being involved in synaptic transmission, is
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also involved in non-cholinergic functions during development (Bertrand et al., 2001).
Its activity is easily evaluated by the spectrophotometric Ellman assay (Worek, Eyer, and
Thiermann 2012). In addition, the physiological and biochemical changes induced by
exposure to compounds can be reflected by assaying the activity of enzymes intimately
linked to metabolism, such as succinic dehydrogenase (SDH), an enzyme embedded in
the internal membrane of mitochondria, glucose-6-phosphate dehydrogenase (G6PDH),
which catalyzes the pentose phosphate pathway- and the lactate dehydrogenase (LDH),
which catalyzes anaerobic glycolysis (Patrinostro et al., 2013; Yang et al., 2017), which
are important in the energy metabolism, and can be evaluated by using selected probes
and spectrophotometric methods.

Overall, these parameters have been employed as a toxicological biomarkers in
zebrafish embryos, proving to be a valuable biomarkers in a number of investigations
following exposure to a variety of compounds. Notwithstanding, additional parameters
can also be used as possible toxicological biomarkers (immunological parameters,
osmoregulatory markers, apoptosis, among others). However, due to the absence of
consistent results among experiments, further studies are required to validate and

recommend these biomarkers as potential biomarkers for fish development toxicity.
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II- Objectives

The purpose of this study was to evaluate the effects of various synthetic
(azoxystrobin; tebuconazole; manzozebe), and natural fungicides (thymol, extract of
Equisetum and extract of Mimosa tenuiflora), on zebrafish embryo development. For this,

an approach to various toxicological methods was used:

i.  Determination of the LCso value for each compound by the study of various

concentrations of fungicides;

ii.  Establishment of study concentrations based on the LCso for each compound;

iii.  Evaluation of lethal, sub-lethal and teratogenic parameters (lethality, somite
formation, tail detachment, head development, spontaneous movements, edema
presence (yolk sac and cardiac), hatching rate, eyes and otoliths development,
circulatory system, heartbeats and malformations);

iv.  Perform biochemical analyzes to evaluate oxidative parameters - production of
reactive oxygen species, and lipid peroxidation - and antioxidative parameters -
superoxide dismutase, catalase, glutathione peroxidase, acetylcholinesterase,
among others;

v.  Analysis of results and assessment of the associated risk

The figure 6 shows a schematic representation of the experimental strategy to used

achieve the proposed objectives for this study.
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15t Determination of LCso and choice of concentrations to be tested
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Figure 6 - Schematic representation of the proposed experimental strateg
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Il — Material and Methods

1. Chemicals

Azoxystrobin (Quadris, 250 g ai L™!, CAS number: 131860-33-8) was purchased
from Syngenta Crop Protection - SolucGes para a Agricultura, Lda (Portugal),
Tebuconazole (Folicur 0.25 g ai L, CAS number: 107534-96-3) was acquired to Bayer
CropScience Lda (Portugal) and Mancozeb (Mancozeb 0.80 g ai L™, CAS number: 8018-
01-7) was purchased from SAPEC Agro, S.A (Portugal). Instant Ocean Salt was obtained
from Aquarium Systems Inc. (Sarrebourg, France). Equisetum arvense aqueous extract
(6.25%) was acquired to Aries Umweltprodukte (Horstedt, Germany), ethanolic extract
of Mimosa tenuiflora (Matry, 80% ai) was purchased from Biagro (Valencia, Spain) and
Thymol (extra pure, CAS number: 89-83-8) was acquired to EMD Millipore (Oeiras,
Portugal). All chemicals used for biochemical tests were of the highest grade
commercially available and purchased from Sigma-Aldrich. Except when specified,
solutions were prepared with ultra-pure water purified by a Milli-Q Gradient system
(Millipore, Bedford, USA). The stock solutions were prepared in water and stored at 4°C
until further dilution. All solutions were freshly made with embryo water (28 + 0.5 °C,
200 mgL™? Instant Ocean Salt and 84 100 mgL™ sodium bicarbonate; UV sterilized)
prepared from City of Vila Real filtered-tap water. During the exposure period the

temperature was kept at 28 + 0.5 °C.

2. Experimental design

The wild-type (AB strain) zebrafish were maintained at the University of Tras-o0s-
Montes and Alto Douro (Vila Real, Portugal) in an open water system supplied with
aerated, dechlorinated, charcoal-filtered and UV-sterilized City of Vila Real tap water
(pH 7.3-7.5) at 28 £ 0.5 °C in a 14:10 h light-dark cycle. Animals were fed twice a day
with a commercial diet (Sera, Heinsberg, Germany) supplemented with Artemia sp.
nauplii.

The animals spawning was favored by diverse ambient factors and food
supplementation, as the onset of lights in the morning, adornments were used to simulate
favorable conditions, the temperature of the water was decrease for 25-26and the groups
of animals in the breeding tanks are placed based on ratio of 2 males : 1 female (Felix,
Antunes, and Coimbra 2014).
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After spawning, embryos were collected, washed in embryo water and bleached
according to established protocols (fig. 7 (Westerfield 2007; Varga 2011)). Fertilized
embryos with normal morphology (Kimmel et al., 1995), assessed using a SMZ 445

stereomicroscope (Nikon, Japan), were used for the subsequent experiments.
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Figure 7 — Representative scheme of embryo bleaching process.

3. Selection of exposure concentrations (L Cso-96h)

Embryos at the early blastula stage (~2.0 hours post-fertilization — hpf) were
exposed during 96h in 50 mL beakers, for 96h to different concentrations of each
fungicide: Azoxystrobin (0.0025, 0.025, 0.25, 2.5 and 25 mgL ™), Tebuconazole (0.0025,
0.025, 0.25, 2.5, 25 and 50 mgL1), Mancozeb (0.008, 0.08, 0.8, 5, 8, 80 and 800 mgL™),
Equisetum aqueous extract (0.000625, 0.00625, 0.0625, 0.625, 6.25, 62.5, 625 and 6250
mgL™), ethanolic extract of Mimosa tenuiflora (0.008, 0.08, 0.8, 8, 80, 8000 and 80000
mgL™) and Thymol (0.001, 0.01, 0.1, 1, 10 and 100 mgL™), according to the OECD
standard protocol (OECD 236) with minor modifications. These concentrations were
based on preliminary studies, agriculture application doses and taking in consideration
the environmental reports (Berenzen et al., 2005; Cruzeiro et al., 2017). All test solutions
were renewed every 24h. Mortality was recorded after 24, 48, 72 and 96 h of exposure.
Control sets were simultaneously prepared under the same conditions to correct
mortalities. The experiments were repeated three times and the LCso value was derived
through probit analysis (Finney 1971). These results were used to select concentrations
for the remaining experimental conditions.

Selected fungicides concentrations were 0.001, 0.01 and 0.1 mgL* for azoxystrobin
(LCso = 1.15 + 0.32 mgL™* — Appendices I - 1), for mancozeb (LCso = 5.13 + 2.93 mgL*
— Appendices | - 2) were 0.0005, 0.005 and 0.05 mgL* and for tebuconazole (LCso = 7.25
+ 2.61 mgL™* — Appendices | - 3) were 0.05, 0.5 and 5 mgL. For the natural based
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fungicides, the selected concentrations were 0.00625, 0.0625 and 0.625 mgL™ for
Equisetum aqueous extract (LCso = 435.31 + 67.24 mgL™? — Appendices | - 4), for
ethanolic extract of Mimosa tenuiflora (LCso = 123.87 + 54.60 mgL™* — Appendices I - 5)
were 0.008, 0.08 and 0.8 mgL™* and for thymol (LCso = 32.67 + 7.47 mgL™* — Appendices

| - 6) were 0.01, 0.1 and 1 mgL™. As well as to the water system (control group).

4. Developmental toxicity tests

The developmental toxicity test was performed according to methods outlined
before, which consisted in the evaluation of observable lethal, sub-lethal and teratogenic
parameters (table 1), (Girardi et al., 2017; Felix et al., 2017; Hallare, Kohler, and
Triebskorn 2004; Santos, Matos, and Coimbra 2014). Each random 100 embryos were
put into single beakers containing different concentrations of the tested fungicide and
each concentration was replicated five times. A blank control was also set and tests lasted
for 96 h. Test solutions were renewed every 24 h and dead eggs were removed daily from
each beaker. Mortality was recorded daily and, at different time points (24, 48, 72 and 96
hpf), specific endpoints (Table 1) were evaluated as presence or absence of different
characteristics, or quantified (e.g. spontaneous movements (movement per minute),
heartbeat (btm — beats per minute), hatching and teratogenic parameters) in 10 animals
randomly removed from each group. The analysis were performed using an inverted

microscope (I1X 51, Olympus, Antwerp, Belgium) (fig. 8).
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Figure 8- Schematic representation of some of the lethal, sublethal and teratogenic parameters evaluated
at 24, 48, 72 and 96hpf. Some representative images of embryo development status of the zebrafish are
also presented at the respective evaluation times, as well as the apparatus in which they were performed.
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At the end of the experimental period, at 96 hpf, larvae were evaluated for the
presence of malformations (edema, spinal and notochord torsions), body length, area of
yolk sac, area of heart and area of eye. For immobilization of larvae, 3% methylcellulose
(Muntean et al., 2010) was used and digital images were obtained in a color digital CCD
camera (Color View Ill, Olympus, Hamburg, Germany), mounted on an inverted
microscope (IX 51, Olympus, Antwerp, Belgium) using a 4x Olympus UIS-2 objective
lens (Olympus Co., Ltd., Tokyo, Japan), and data were acquired using Cell A software
(Olympus, Antwerp, Belgium). Images were further combined, merged and processed
with Adobe Photoshop CS6 (Adobe Systems, San Jose, USA). Measurements were taken
using a digital image analysis software (Digimizer version 4.1.1.0, MedCalc Software,
Mariakerke, Belgium).

Table 1 - Lethal, sublethal and teratogenic parameters to the evaluation of the embryonic

development of zebrafish. X — Observed (as presence or absence) and XX- Accounted. This table was
adapted from (Girardi et al., 2017).

Periodical development

24hpf 48hpf 72hpf 96hpf
Lethal
Mortality X X X X
Tail Detachment X X X X
Head Detachment X
Sublethal
Development of the somites X X X X
Eye development X X X X
Development of otoliths X X X X
Edema (cardiac and yolk sac) X X X X
Pigmentation X X X X
Spontaneous movements XX X X X
Circulation in the tail X X
Heartbeat XX
Hatching XX
Teratogenic
Malformations X XX
Size XX
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5. Biomarker determinations

5.1. Sample preparation for biomarker analysis

For the biomarker determination, five new experimental exposures were performed
containing 100 embryos per concentration and larvae were collected at 96 hpf and stored
at -80°C in cold buffer (0.32 mM of sucrose, 20 mM of HEPES, 1 mM of MgCl;, and 0.5
mM of phenylmethyl sulfonylfluoride (PMSF), pH 7.4) (Deng et al., 2009). Samples were
then homogenized using beads in a Tissuelyser Il, the homogenates were centrifuged at
15 000xg at 4 °C for 20 min in a refrigerated centrifuge (4°C, Sigma 3K30), and
supernatants were collected for biochemical analysis. The biomarker assessment was
performed at 30 °C using a PowerWave XS2 microplate scanning spectrophotometer
(Bio-Tek Instruments, USA) or a Cary Eclipse fluorescence spectrophotometer. All
samples were performed in duplicate and measured against a reagent blank in the
appropriate microplate and values normalized to the total protein concentration,
determined by the Bradford assay (Bradford 1976) at 595 nm, using Bovine Serum
Albumin (BSA) as a standard (0-1.5 mg.mL™).

5.2. Reactive oxygen species (ROS) quantification
Determination of total ROS was performed at 485 nm (excitation) and 530 nm
(emission) wavelengths, using the fluorescent probe DCFH-DA, as previously described
(Deng et al., 2009) and was estimated based on a DCF standard curve (0-50 uM). Briefly,
in a 96-well microplate, 20 pL sample were added to 100 pL de PBS (pH =7.4) and 8.3
UL DCFH-DA 10 mg.mL* (in DMSO) were then added. The microplate was incubated

for 30 min at 37 °C before read. Data was express as pmol DCF mg protein™.

5.3. Oxidative stress markers
5.3.1. Superoxide Dismutase (SOD)

The SOD activity was assayed by measuring its ability to inhibit the photochemical
reduction of nitrobluetetrazolium (NBT) at 560 nm (Durak et al., 1993). Briefly, in each
well of the 96-well microplate, 10 puL of sample were mixed with 170 pL of potassium
phosphate buffer 50 mM containing 0.6 mM hypoxanthine, 1 mM EDTA, and 0.2 mM
NBT (nitrobluetetrazolium). The reaction was started by the addition of 28 mU mL™* of

xanthine oxidase diluted in potassium phosphate buffer 50 mM and 1 mM EDTA. The

35



Il — Material and Methods

increase in absorbance due to dismutation of O%™ into H202 was recorded for 3 minutes
and SOD from bovine erythrocytes was used for construction of a standard curve (0-60

U mL™) and the final values were expressed in U mg protein™.

5.3.2. Catalase (CAT)

The CAT activity was determined based on the Claiborne method (Claiborne
1985). The assay reaction consisted of 10 uL of sample added to 90 uL sodium buffer
100 mM (pH 7.4) containing 20 mM H20> and the decrease in absorbance was monitored
at 240 nm for 3 minutes. Activity was calculated as enzyme units per milligram of protein

using bovine catalase as a standard (0-6 U mL™).

5.3.3. Glutathione Peroxidase (GPx)

The GPx activity was measured by the method described by Massarsky, Kozal, and
Di Giulio (2017). In each well of the 96-well microplate, 10 pL sample were mixed with
200 pL of sodium phosphate buffer 100 mM (pH 7.0) containing 5 mM NaNg3 (to inhibit
CAT), 0.261 mM NADPH, 0.9 U mL* Glutathione Reductase (GR) and 18 mM GSH.
The reaction was started after 2 min with the addition of 10 pL H2O02 1.5 mM. The
decrease in absorbance at 340 nm due to the oxidation of NADPH to NADP* was
observed for 3 minutes and the activity was determined using the extinction coefficient
of 6.22 mM™ cm™. The enzymatic activity of GPx was expressed in umol NADPH

mint.mg protein.

5.3.4. Glutathione reductase (GR)

The GR activity was measured by the method used by Massarsky, Kozal, and Di
Giulio (2017). In each well of the 96-well microplate, 10 pL sample were mixed with 200
pL of potassium phosphate buffer 50 mM (pH 7.0), 0.5 mM EDTA containing 0.3 mM
NADPH and the reaction was started by addition of 20 pL GSSG 11 mM. The decrease
in absorbance at 340 nm due to the oxidation of NADPH to NADP™ was observed for 3
minutes and the activity was determined using the extinction coefficient of 6.22 mM-1cm-

! The enzymatic activity of GR was expressed in pmol NADPH min™.mg protein™.
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5.4. Glutathione levels

The glutathione levels were determined fluorometrically by measuring both the
reduced (GSH) and the oxidized states (GSSG) using the fluorochrome ortho-
phthalaldehyde (OPA, prepared in methanol) at 320 nm and 420 nm for excitation and
emission wavelengths, respectively, and according to the method previously outlined
(Gartaganis et al., 2007). For both analyses, 10 pL of sample were used and 40 pL of
TCA 25% were added to precipitate proteins. For GSH, 170 pL of buffer Tris HCI 0.26
M pH 7.8, 115 pL of NaOH 0.56 N and 15 pL of OPT 1 mg mL* were added before
incubation for 15 min at room temperature and read. For GSSG, 20 pL of NEM 40 mM
were added and plate incubated for 30 min at room temperature. Then, 150 pL of
phosphate buffer 0.23 M pH, 105 puL NaOH 0.71 N and 25 pL de OPA 1 mg mL* were
added before incubation for 15 min at room temperature before read. Concentrations were
estimated based on GSH and GSSG standard curves (0-500 uM) and data express as pmol
GSH mg protein™ and pmol GSSG mg protein™. The ratio between GSH and GSSG was

calculated as the oxidative-stress index (OSI).

5.5. Xenobiotic biotransformation

5.5.1. Glutathione-s-transferase (GST)

The GST activity was measured by the method of Habig and Jakoby (1981). In the
96-well microplate, 10 pL sample were placed and 180 pL potassium phosphate buffer
100 mM, pH 7.4 containing 1 mM CDNB were then added, after 2 min incubation, 50 puL
GSH 25 mM were added to start the reaction. The increase in absorbance at 340 nm due
to the oxidation of CDNB was observed for 3 minutes and the activity was determined
using the extinction coefficient of 9.60 mM-*cm™. The enzymatic activity of GST was

expressed in pmol CDNB mint.mg protein™.
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5.5.2. Carboxylesterase (CarE)

Carboxylesterase (CarE) activity was determined using the method described for
microplates by Hosokawa and Satoh (2002). Briefly, on a microplate, 10 pL sample were
incubated for 2 min and then 150 pL of 4-nitrophenyl acetate 1 mM were added and read
for 3 min at 405 nm. CarE activity was express as pmol 4-nitrophenol min*.mg protein
(€=16,4mMcm™).

5.6. Oxidative damage - Thiobarbituric acid reactive
substances (TBARS)

The quantification of malondealdehyde (MDA) was used as an indicator of lipid
peroxidation (LPO) and was determined according to the method described by Gartaganis
2007 (Gartaganis et al., 2007). This method was performed at 535 nm (excitation) and
550 nm (emission) wavelengths, based on the chromogenic assay by a thiobarbituric
(TBA) acid-based. Samples (20 pL) were mixed wih 130 pL of homogenization buffer,
150 pL of TBA reagent (0. 5% TBA, 20% TCA e 0.33N HCI) and 2 pL of BHT 2%
(EtOH) in a microcentrifuge tube, which was incubated for 15 min at 100 °C. Then, it was
cooled in ice and 300 pL of butanol was added. Tubes were vortexed and centrifuged at
15000 xg in a centrifuge (Sigma 3K30) for 3 min and 200 pL were read. LPO was
calculated based on a standard curve between 0 and 25 uM of MDA (prepared in H20
and reacting with TBA reagent) and the value of LPO was express as umol MDA mg

protein™,

5.7. Neurotransmission (AChE) and anaerobic metabolism
(LDH)

5.7.1. Acetylcholinesterase (AChE)

Acetylcholinesterase (AChE) activity was determined based on Ellman’s method
(Ellman et al., 1961) using the method described for microplates by Rodriguez-Fuentes
et al., (2015). On the microplate, 10 pL of sample were placed and 180 uL DTNB 0.5
mM, 10 pL acetylthiocholine iodide 20 mM were then added. The microplate was read
at 405 nm for 3 minutes and data analyzed using the 5-thio-2-nitrobenzoic acid (TNB)
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extinction coefficient of 13.6 mM™ cm™, and data expressed as pmol TNB mint.mg

protein’.

5.7.2. Lactate dehydrogenase (LDH)

For lactate dehydrogenase (LDH) activity, the method described by Domingues et
al., (2010) at 340 nm was used using the extinction coefficient for NADH of 6.22 mM™*
cmt. On the microplate, 10 uL of sample were mixed with 200 pL of NADH 0.24 mM
and the reaction started with 40 pL sodium pyruvate 10 mM and read for 3 min. LDH
activity was express as pmol NADH min~t.mg protein.

6. Statistical analysis

The statistical analysis was performed using the statistical package SPSS 20.0 for
Windows (SPSS Inc., Chicago, USA). Each beaker was considered an experimental unit,
thus when 10 embryos were taken from the beaker, their values were averaged and
considered as n=1. In order to decide which statistical test to apply, several assumptions
were made, such as normality (Sapiro-Wilk test) and homogeneity of variance (Levene's
test). When the assumptions of normality and homogeneity of variances were met,
differences among groups were assessed by analysis of variance (ANOVA) followed by
the Tukey multiple comparison test and data expressed as mean + standard deviation.
When these assumptions were not met, the data treatment was performed using non-
parametric tests: the Kruskal-Wallis analysis of variance, followed by Dunn’s test with a
Bonferroni correction for multiple comparisons was used and data expressed as medians

and interquartile range (25™; 75" percentiles) (Felix, Antunes, and Coimbra 2014).
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1. Cumulative mortality

The cumulative mortality of zebrafish embryos and larvae was recorded at 24, 48,
72 and 96 hpf (fig. 9). At 24 hpf, no differences between concentrations tested and the
control group were observed. The same occurred at 48, 72 and 96 hpf.
25 -
20 -
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Figure 9 - Cumulative mortality of zebrafish embryos exposed to azoxystrobin. Mortality was recorded at
24, 48, 72 and 96 h post-fertilization. Data are represented as mean + SD.

2. Developmental toxicity tests

The spontaneous movements analyzed at 24 hpf (table 2) showed significant
differences among groups (X?(3)=9.405, p=0.024). The concentration of 0.001 mgL*
presented a significant decrease in the number of spontaneous movements relative to the
control group (p=0.006), to the 0.01 mgL™? (p=0.027) and to the highest concentration
(p=0.014). No other significant differences were observed.

The exposure of embryos to azoxystrobin induced a significant increase in the
heartbeat (table 2), particularly between concentration 0.001 mgL™* and 0.01 mgL™
(p=0.006). A significant increase was also detected between 0.001 mgL* and 0.1 mgL™*
(p=0.007). No other significant differences among groups were observed.

The hatching rate (table 2) was evaluated at 72 hpf (F(3,20)=6.701, p=0.004) and
more than 50% of the embryos hatched for all the concentration evaluated. The 0.01 mgL"
1 (p=0.027) and 0.1 mgL* (p=0.003) presented a decrease in relation to the control group,
while the 0.001 mgL? (p=0.128) showed no differences in relation to the remaining

groups.
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At 96 hpf, the malformations (table 2) observed at the animals exposed to the
compound were very few although significant differences were observed between groups
(X?(3)=9.607, p=0.022). In this regard, and as expected, the control group showed no
apparent malformations. On the other hand, exposure to the highest concentration induced
higher percentage of malformed animals compared to the control group (p=0.003). No
other significant differences among groups were perceived. Malformations are
represented in figure 10 for the concentration of 0.1 mgL™. Exposure to this concentration
induced a higher percentage of pericardium edema (pe); yolk sac edema (ye); eye (ae) or

tail deviations (t).

Table 2- Sublethal parameters and malformations (%) of animals exposed to the different
concentrations of azoxystrobin.

Endpoint 24 hpf 48 hpf 72 hpf 96 hpf
Treatment Spontaneous Heartbeats Hatching rate Malformations
(mgL 1) movement (bpm) (%) (%)
0 3(2-3) 127 (122 — 128)® 69+ 3° 0(0-0)?
0.001 1(0-1)P 122 (120 - 123)? 63 + 2% 0(0—-10)®
0.01 3(2-3) 134 (131 - 134)° 60 + 6° 10 (0 - 10)*®
0.1 3(2-3) 130 (129 — 142)° 57 £5° 10 (10 - 10)°
Statistical test ~ X%(3) = 9.405 X2(3) = 10,680 F:é%? X2(3) = 9.607
p value 0.024 0.014 0.004 0.022

Data from at least five independent replicates of 100 animals each. Parametric data were expressed as mean
+ SD and statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-
comparison test. Nonparametric data were presented as median (25"—75" quartile) and statistical analysis
was performed using the Kruskal-Wallis test followed by Dunn's test. In the same column, different
lowercase letters indicate significant differences among groups (p<0.05).
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0.001 mgL? pe — oEmaLt
Figure 10 - Representative optical images of the zebrafish larvae after 96 h embryonic exposure to
azoxystrobin. The concentration of 0.1 mgL ™, induced a higher percentage of pericardium edema (pe); yolk
sac edema (ye); eye (ae) or tail deviations (t). The scale bar represents 500 pm.

Other lethal (tail and head detachment) and sublethal parameters (development of
the somites, eyes and otoliths development, visible blood circulation and edema) were
analyzed and results are shown in table 3. These parameters were present/visible in all
treatment groups at 24 and 48 hpf. At 72 hpf, the presence of edema (yolk sac and
pericardia) were observed in the animals exposed to azoxystrobin although no differences

were observed compared to the control group.

Table 3 -Frequency of normal embryos/larva following embryonic exposure to azoxystrobin.

Endpoint 24hpf 48 hpf 72 hpf
Tail Head . Eyes Otoliths Blood -
Ter_ofnt detach. detach. Somite devel. devel. circulation Edema
(mgL ™)

0 10/10 10/10  10/10 10/10 10/10 10/10 0/10
0.001 10/10 10/10  10/10 10/10 10/10 10/10 1/10
0.01 10/10 10/10  10/10 10/10 10/10 10/10 1/10

0.1 10/10 10/10  10/10 10/10 10/10 10/10 1/10

Data from at least five independent replicates of 100 animals each. These parameters were present/visible,
in 10 random animals. *yolk sac and cardiac edemas.
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At 96 hpf, the size of the animal and other measurements (body length, area of yolk
sac, area of heart and area of eyes) were taken and results are presented in table 4. No
significant differences were observed in the body length (X?(3)=4.509, p=0.212) of the
exposed animals. The area of yolk sac showed differences among the evaluated groups
(X?(3)=13.640, p=0.003). The animals exposed to 0.001 mgL™ presented a decrease in
relation to 0.01 mgL? (p=0.008) and in relation to 0.1 mgL™ (p <0.001). The remaining
parameters showed to be similar among treatment groups.

Table 4 — Effects of azoxystrobin exposure during embryonic stage on morphological abnormalities
at 96 hpf.

Endpoint 96 hpf
Treatment Body Length Area of yolk sac Area of heart Area of eye
(mgL™) (mm) (mm?) (mm?) (mm?)
0 3.63 (3.61 —3.67) 0.166 (0.166 — 0.170)® 0.034 £ 0.008 0.072 £ 0.008
0.001 3.55(3.48 —3.63) 0.156 (0.144 — 0.161)? 0.032 £ 0.001 0.068 + 0.004
0.01 3.47 (3.47 - 3.62) 0.190 (0.178 — 0.200)° 0.033 £ 0.005 0.066 * 0.006
0.1 3.39 (3.26 —3.43) 0.202 (0.195 — 0.205)" 0.035 £ 0.008 0.061 £ 0.004
Statistical 2fon _ 2o — F (3,20) = F (3, 20) =
test X?(3) = 4.509 X4(3) = 13.640 0.146 3111
p value 0.212 0.003 0.931 0.056

Data from at least five independent replicates of 100 animals each. 10 animals randomly per replicate and
per concentration were evaluated. Parametric data were expressed as mean £ SD and statistical analysis
was performed using one-way ANOVA followed by Tukey's multiple-comparison test. Nonparametric
data were presented as median (25"-75" quartile) and statistical analysis was performed using the
Kruskal-Wallis test followed by Dunn's test. Different lowercase letters indicate significant differences
between groups (p<0.05)
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3. Biomarker determinations

By the end of exposure, at 96 hpf, the enzymatic and non-enzymatic defenses were

evaluated and the results are presented in figures 11, 12, 15, and 16.
3.1.Reactive oxygen species (ROS) quantification

Considering the ROS quantification (fig. 11), there were statistical differences
among tested groups (X?(3) = 16.750, p=0.001) with the lowest group showing a
significant increase relative to the control group (p <0.001) and to the 0.1 mgL™ group
(p=0.011). The 0.01 mgL* group also presented a significative increase in relation to the

control group (p=0.018). No other significant difference was detected.
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Figure 11 - Reactive oxygen species (ROS) quantification in zebrafish embryos exposed to
azoxystrobin. Data from at least five independent samples (n=100/each). Data are represented as mean +
SD. Statistical analysis was performed using the Kruskal-Wallis test followed by Dunn's test. Different
lowercase letters indicate significant differences between groups (p<0.05).

3.2.0xidative stress markers

The activity of SOD, CAT, GPx and GR showed statistical differences between the
different concentrations assessed and the control group (fig. 12). As regards the statistical
differences found for the SOD (X?(3)=12.638, p=0.005), an increase in its activity in the
concentration of 0.001 mgL™ in relation to the control group (p=0.01) and in relation to
other groups 0.01 mgL* (p=0.002) and 0.1 mgL"* (p=0.003) was observed. The remaining
concentrations did not present statistically significant differences. The activity of CAT
(X?(3)=13,187, p=0.004) shown that the lowest activity corresponded to the concentration
of 0.001 mgL* (p=0.029) in relation to the control and in relation to the other groups 0.01
mgL (p=0.001) and 0.1 mgL™ (p=0.002). The remaining concentrations did not present
statistically significant differences. GPx also showed significant differences
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(X%(3)=9,813, p=0.02) among groups. The 0.001 mgL™? (p=0.006) and 0.1 mgL*
(p=0.015) groups had lower GPx activity than the control. The concentration of 0.01 mgL"
! did not present statistical differences in relation to the control group (p=0.132). The
same situation was verified for GR (X?(3)=9.160, p=0.027). A decrease in the activity of
the enzyme following exposure to the concentration of 0.001 mgL™ (p=0.008) and 0.1
mgL? (p=0.01) was observed in relation to the control group. No other significant

difference was detected.
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Figure 12 — Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and
glutathione reductase (GR) activity determination in zebrafish embryos exposed to azoxystrobin.
Data from at least five independent replicates of 100 animals each. Data are represented as mean + SD
.Statistical analysis was performed using the Kruskal-Wallis test followed by Dunn's test. Different
lowercase letters indicate significant differences between groups (p<0.05).
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3.3.Glutathione levels

The oxidative-stress index (OSI), defined as the ratio between GSH and GSSG
(GSH/GSSG) is represented in figure 13. The GSH level (X?(3)=12.085, p=0.007)
showed a significative decrease in relation to control group (p=0.011) and the remaining
concentrations (0.01 mgL™, p=0.003 and 0.1 mgL ™, p=0.002). The GSSG (X?(3)=12.351,
p=0.006) presented a significative decrease in its level in the lowest concentration in
relation to control group (p=0.001) and the remaining concentrations (0.01 mgL*and 0.1
mgL™, both, p=0.004). The ratio between GSH and GSSG (GSH/GSSG) there was no
statistically ~significant differences (X?(3)=2.609, p=0.456) for the different

concentrations evaluated and the control group.
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Figure 13 - Glutathione reduced form (GSH), glutathione oxidized form (GSSG), and the ration
between GSH and GSSG (OSI) level determination in zebrafish embryos exposed to azoxystrobin.
Data from at least five independent replicates of 100 animals each. Data are represented as mean + SD.
Statistical analysis was performed using the Kruskal-Wallis test followed by Dunn's test. Different
lowercase letters indicate significant differences between groups (p<0.05).
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3.4.Xenobiotic biotransformation

The GST and CarE enzymes, responsible for the degradation of some xenobiotics
(fig. 14), showed differences in animals exposed to the different concentrations and the
control. The GST activity (F(3,23)=32.625, p<0.001) in larvae form the concentration of
0.001 mgL! was very marked with an increase in relation to that of the control group (p
<0.001) and the remaining concentrations (0.01 mgL* and 0.1 mgL™, both p<0.001). In
relation to the other concentrations, there were no significant differences. The same
situation occurred for CarE (X?(3)=11.347, p=0.01) in which exposure to the
concentration of 0.001 mgL™ induced a higher activity of this enzyme when compared to
the control group (p=0.005) and to the remaining concentrations (0.01 mgL?, p=0.013
and 0.1 mgL™, p=0.003). For the remaining concentrations, there were no significant

differences.
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Figure 14 — Glutathione-s-transferase (GST), carboxylesterase (CarE), activity determination in
zebrafish embryos exposed to azoxystrobin. Data from at least five independent replicates of 100 animals
each. Parametric data were expressed as mean = SD and statistical analysis was performed using one-way
ANOVA followed by Tukey's multiple-comparison test. Nonparametric data statistical analysis was
performed using the Kruskal-Wallis test followed by Dunn's test. Different lowercase letters indicate
significant differences between groups (p<0.05).
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3.5. Oxidative damage

Significant differences (X?(3)=16,261 p=0.004) were observed in the lipid
peroxidation (fig. 15). The concentration of 0.001 mgL™ showed a significant decrease
compared to the control (p=0.02) and the remaining concentrations evaluated 0.01 mgL"
! (p=0.002) and 0.1 mgL™ (p=0.001). However, exposure to the concentrations of 0.01

and 0.1 mgL ™! showed no differences compared to the control group, or among them.
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Figure 15- Lipidic peroxidation in zebrafish embryos exposed to azoxystrobin. Data from at least five
independent replicates of 100 animals each. Statistical analysis was performed using the Kruskal-Wallis
test followed by Dunn's test. Different lowercase letters indicate significant differences between groups
(p<0.05).

3.6. Neurotransmission and anaerobic metabolism

The effects of azoxystrobin on neurotransmission were evaluated through the
AChE activity. The AChE activity (fig. 16) showed statistical differences between groups
(X?(3)=11.255, p=0.01) with an increased activity in the concentration of 0.001 mgL™*
compared to the control group (p=0.003) and the remaining concentrations (0.01 mgL™,
p=0.015 and 0.1 mgL™, p=0.006). However, the concentrations groups of 0.01 and 0.1
mgL* no presented differences compared to the control group, or among them. In relation
to the anaerobic metabolism enzyme evaluated by the activity of LDH (X?(3)=5.907,

p=0.116), there were no statistically significant differences among groups (fig. 16).
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Figure 16- Acetylcholinesterase (AChE) and Lactate dehydrogenase (LHD) activity determination in
zebrafish embryos exposed to azoxystrobin. Data from at least five independent replicates of 100 animals
each. Data are represented as mean + SD. Statistical analysis was performed using the Kruskal-Wallis test
followed by Dunn's test. Different lowercase letters indicate significant differences between groups

(p<0.05).
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The objective of the present study was to evaluate the effect of azoxystrobin in
zebrafish embryos exposed to different concentrations during a 96h period. Exposure to
the lowest concentration caused a decrease in spontaneous movements and heart beats,
caused oxidative stress (increase in ROS levels and in the activity of SOD), as well as
increased the activity of the enzymes responsible for the metabolism of xenobiotics, GST
and CarE. An increase in the AChE activity was also induced by exposure to
azoxystrobin.

The process of embryonic development is a very complex process, consisting in the
interplay of several pathways that relate to each other in order to complete this process
without errors (Kimmel et al., 1995; Lawson and Weinstein 2002)). However, exposure
to some drugs can affect the embryonic development (Xin et al., 2015; Girardi et al.,
2017; Jin et al., 2016), as is the case of azoxystrobin. This fungicide has already been
reported to interfere in the development of zebrafish by inducing changes in the
spontaneous movements, heartbeat, hatching rate and causing several malformations
(Cao et al., 2018; Jia et al., 2018; Jiang et al., 2018). However, the results described by
other authors are associated with higher doses of azoxystrobin, while in this study the
effects were verified at the lowest concentration.

The first step of this work consisted on the calculation of the LCsp according to the
OECD protocol No 236. The acute toxicity data provide information which is useful to
identify the mode of action of a substance and also helps to compare the dose response
among various chemical substances. The 96h-LCsg tests are conducted to assess the
vulnerability (every 24h, up to four apical observations are recorded as indicators of
lethality: coagulation of fertilized eggs, lack of somite) and survival potential of
organisms to particular toxic chemical substances. Chemical agents with lower LCso
values are more toxic because their lower concentrations result in 50% of mortality in
organisms (Tarkhani et al., 2012). At the end of the exposure period, acute toxicity is
determined based on a positive outcome in any of the four apical observations recorded,
and the LCsp is calculated. This parameter is considered the first step in developmental
toxicity in order to define the doses to be used (Guidelines 2013). In this study, the value
obtained for the 96h-LCso was 1.15 mgL™. This value is similar to that of previously
published studies with zebrafish, ranging from 0.78 mgLto 1.23 mgL™ (Jia et al., 2018;
Jiang et al., 2018). Considering this LCso value, three concentrations were selected
(0.001, 0.01 and 0.1 mgL™?) and the animals were exposed during a period of 96 hours
with development changes being recorded at 24, 48, 72 and 96h.
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Movements in vertebrates (walking or swimming) depends on the neural networks
in the brain and spinal cord (McKeown, Downes, and Hutson 2009). Zebrafish embryos
possess a very strong locomotive behavior which can be a useful tool to study the
neuromuscular function (Goody et al., 2012). Several key time points in the behavioral
development of zebrafish have been described. Zebrafish embryos start to show
spontaneous movements of the trunk and tail at 17 hours post fertilization (hpf) and has
a peak of spontaneous movement at 19 hpf (Pietri et al., 2009; Saint-Amant and Drapeau
1998). After hatching, around 72 hpf, they start to show movements more complex
behaviors (McKeown, Downes, and Hutson 2009). As shown in previous studies, the
spontaneous movements are due to uncontrolled action potential in motorneurons.
Compounds are known to be involved in the reduction of the spontaneous movement
frequency by limiting the spreading of the action potential and consequently the
myotomal contraction rate through the blockage of membrane Na* channel (Fraysse,
Mons, and Garric 2006). Indeed, Jin et al., (2009) suggested that an increased
spontaneous movements frequency is associated to the prolongation at channel opening
to cause repetitive firing of action potentials. Thus, the results obtained, i.e., the decrease
in spontaneous movements observed for the lowest tested dose of azoxystrobin, may be
explained by the decrease in the opening time of the Na* channels. Still, further tests are
needed to support this hypothesis namely through the evaluation of Na* channels.

In addition, exposure to azoxystrobin induced changes in the heartbeat of zebrafish.
The heartbeat is an important development parameter (Lin, Hui, and Cheng 2007;
Mersereau et al., 2015) and previous studies relate AChE inhibitors with a decreased
heartbeat due to the direct binding acetylcholine to muscarinic acetylcholine receptors on
the sino-atrial node, affecting nitric oxide synthesis by endothelial nitric oxide synthase
as well as subsequent intracellular signaling (Lin, Hui, and Cheng 2007). As a result,
potassium ion channel function and action potential development are altered (Herring,
Danson, and Paterson 2002; Massion et al., 2003) resulting in a slower heart rate. On the
other side, an increase in heart rate is mediated by an increased activity at sympathetic
nerve terminals in the heart and vasculature (Mersereau et al., 2015). The increases in
heartbeat and blood pressure are due, in part, to peripheral effects at the synapse by
blockade of epinephrine reuptake, or possibly via sympathetic stimulation of epinephrine
release from the adrenal medulla (Tella, Schindler, and Goldberg 1990; Gillis 1995). In
this study it was observed a decrease in the heartbeat in relation to the control at the lowest

concentration, and an increase in the AChE activity. In general, and relating both, it may
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be suggested that exposure to high doses of azoxystrobin have an inhibitory effect of the
AChE activity and the consequent increase of the heartbeat. Still, further studies of
cardiovascular effects of azoxystrobin are required to corroborate this hypothesis.
Moreover, zebrafish exposed to the concentration of 0.1 mgL™ had a higher
percentage of malformations (cardiac and yolk sac edema and tail) at 96 hpf, and showed
a hatching inhibition, a reduction in body length, an increase of the area of yolk sac and
heart. As previously mentioned, the development of zebrafish is a complex process that
may be affected by the action of this compound. The embryo hatching occurs after
digestion of the chorion by the hatching enzyme and violent movement of the embryo
(Winnicki, Stankowska-Radziun, and Radziun 1970; Yamagami 1981). As described in
previous studies (Zhou et al., 2009; Osterauer and Kohler 2008), various compounds can
affect hatching, and can do so in different ways. Damage on biosynthesis of the hatching
enzyme or abnormal distribution of the hatching enzyme were described as the main cause
of hatching inhibition (Rosenthal and Alderdice 1976; Hagenmaier 1974), followed by
the diminished activity of the embryo and inability of the emerging larvae to break
through the chorion (Papiya and Kanamadi 2000). Although not been described
previously, azoxystrobin may induce some similar effect, suggesting the failure of
chorion digestion at higher concentrations tested. Still, further studies, particularly
focusing on the uptake and metabolism of this compound in zebrafish early development
may shed light on this subject. Yet, the cardiac and yolk sac edema have been related with
a possible permeabilization of the first zebrafish defense barrier during its development
(Hill et al., 2004). These effects increase the surface permeability on the primary barrier
during early development (Hill et al., 2004; Guiney, Walker, and Peterson 1990). The
existence of a water permeability barrier at the surface of the zebrafish embryo can be
inferred from the fact that zebrafish embryos are able to maintain osmotic balance prior
to the development of organs (Hill et al., 2004) or it could be an indicator of metabolic or
osmotic disruptions possibly caused by mitochondrial malfunction due to the chemical
action (Papiya and Kanamadi 2000). One of these two hypotheses (causing
permeabilization, or interfering with osmotic balance) may explain the occurrence of
these processes and perhaps also be associated with the effects of azoxystrobin. In
addition, Cheng et al., (2000), explained malformation in tail through the inability of
embryos to express the evenskipped 1 gene, which is important during tail extension on
development that occurs by altered cell migration of the precursors of the somatic

mesoderm in the trunk (Ho and Kane 1990). Moreover, the decrease in body length of
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animals exposed to other fungicides, such as difenoconazole, has already been described
and associated to decreases in growth hormone (GH) and insulin-like growth factor 1
(IGF-1) (Mu et al., 2016)(Liu et al., 2014)(Meganathan et al., 2015; Colao et al., 2006).
Still, to what extent does this situation actually represents the outcome azoxystrobin
exposure deserves further investigation. Moreover, the malformations were more evident
in the higher concentration, although the lowest concentration also presented
malformations in small amount. This may be related to the entry of the compound in the
egg during embryo development. In this sense, this work will need to be complimented
with a pharmacokinetic study which may give further indications as to the possible
absorption and metabolism of the compound.

Biochemical parameters were also analyzed to complement the data of
developmental toxicity. Studies suggest that the toxicity of azoxystrobin is associated
with the fact that it acts at the mitochondrial chain, more properly at complex 111 and may
thus be associated with a ROS increase and consequent oxidative damage (Gao et al.,
2014; Affourtit, Heaney, and Moore 2000; Xiao et al., 2014). The ROS increase activate
the antioxidant defenses, and the first to act is SOD. Several studies claim that there is an
increase in SOD associated with an increase in ROS following exposure to azoxystrobin
(Jia et al., 2018). Overall, these data validate the results obtained in this study in which
the concentration of 0.001 mgL ™ induced an increase in the ROS levels and a consequent
increase of the SOD activity. The CAT, GPx and GR activities decreased following
exposure to the concentration of 0.001 mgL*, which shows that the first line of defense
Is activated to combat the ROS, a defense that is only carried out by the SOD, and the
remaining defenses may not be operating in full, which may mean that there is a marked
damage of oxidative stress. In fact, this has already been described for other compounds.
(Wu et al., 2011; Craig, Wood, and McClelland 2007).

Additionally, the GPx and GR activity were lower in concentration of 0.001 mgL*
consequently the levels of GSH and GSSG were also lower. These low levels may mean
that there is no oxidation/reduction, process performed by GPx and GR enzymes, so this
radical elimination pathway was affected by this compound concentration. The high
levels of ROS detected for this concentration were confirmed by the data previously
mentioned (Wu et al., 2011). The glutathione system and related enzymes are considered
a second line of defense against oxidative damage (Jafari 2007) being the ratio of GSH
to GSSG often used as an indicator of intracellular redox status (Timme-Laragy et al.,

2013). The glutathione system is a key non-enzymatic radical scavenger and antioxidant
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that scavenges residual free radicals generated from oxidative metabolism and those not
decomposed by antioxidant enzymes (EI-Shenawy 2010). The GSH dynamics are
important for the maintenance of the redox homeostasis, and suggest that there are critical
time periods when embryos could be susceptible to redox perturbations (Timme-Laragy
etal., 2013; Massarsky, Kozal, and Di Giulio 2017). During the metabolic action of GSH,
its sulfhydryl group becomes oxidized to form the corresponding GSSG disulphide
compound (DeLeve and Kaplowitz 1991). The reaction of oxidation of GSH in GSSG,
realized by the GR requires NADPH that gives rise to NADP* (Schafer and Buettner
2001; Wu et al., 2011; Carvan lii et al., 2001). The decrease of GSH and GSSG, contents
might be a combined impact of the declined GPx and GR activity.

GST and CarE collaborate in the reactions of the first phase of detoxification of
xenobiotic (Barata, Solayan, and Porte 2004). GST represents a family of enzymes with
a central role in the biotransformation of xenobiotics and endogenic compounds (Andrade
et al., 2016). Thus, GST has been considered as an indicator of stress and increasingly
used as an environmental biomarker (Hyne and Maher 2003). Moreover, GST might
contribute to the elimination of superoxide radicals caused by oxidative stress (Jiang et
al., 2018), which may explain the increase in its activity since there is a very clear
accumulation of ROS following exposure to the concentration of 0.001 mgL™. CarE
might serve as a secondary target sequestering organophosphates (Garcia et al., 2000)
and, thereby, being an important pathway of detoxification (Abbas and Hayton 1997;
Kuster and Altenburger 2006). The higher CarE activity suggests a greater sensitivity to
inhibit the performance of some xenobiotics in some aquatic organisms (Kuster 2005).
Moreover, a recent study has proved that CarE is a good indicator for pesticide exposure
(Laguerre et al., 2009; Wang et al., 2018; Wheelock, Shan, and Ottea 2005). In this study,
this enzyme showed an increase in this activity for the concentration of 0.001 mgL™.
These data could be possible due to a fast bioconcentration of azoxystrobin in short time
and further evaluation of the potential for azoxystrobin to be absorbed and retained in the
embryo/larvae’s tissues may give further information about the potential effects of this
compound in this enzyme.

The long-term damaging effects of ROS exposure in vivo is the formation of
oxidized macromolecules which can cause oxidative damage. Lipid peroxidation (LPO),
an index for measuring membrane damage, occurs with an increase in hydroxyl radical
production (Ganesan et al., 2016; Blokhina, Virolainen, and Fagerstedt 2003). ROS

increases the lipid peroxides causing a disruption in the lipid integrity of the membranes
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(Radi and Matkovics 1988). Such deterioration of membrane lipids is a prominent marker
of oxidative damage (Sayeed et al., 2003). The concentration that presented the least
damage was 0.001 mgL™*. This may be due to increased SOD, GST and CarE activity,
thus reducing the impact of ROS caused by the exposure to this azoxystrobin
concentration.

Moreover, it has been shown that oxidative stress plays a role in the regulation and
activity of AChE (Rodriguez-Fuentes et al., 2015) as well as LDH (Shi et al., 2009).
AChE plays an important role in neurotransmission being responsible for the hydrolysis
of acetylthiocholine (Olsen et al., 2001). In addition, there are evidences of the
involvement of AChE in other physiological process including:1) regulation of cell
proliferation (Zhang et al., 2002b), apoptosis (Jiang and Zhang 2008; Ganesan et al.,
2016), and cell migrations (Drews 1975), 2) regulates differentiation through signaling
(Falugi and Aluigi 2012) and ultimately, 3) embryonic development (Falugi 1993).
Changes in the activity of this enzyme can cause failures in the previously mentioned
processes and be responsible for problems during the embryonic development, eventually
causing teratogenicity. However, the mechanisms that regulate AChE expression (de
Lima, Roque, and de Almeida 2013) and this participation in apoptosis are not yet fully
understood (Soreq and Seidman 2001; Zhang et al., 2002a). The involvement of thyroid
hormones in the regulation of AChE activity has been suggested by Puymirat, Etongue-
Mayer, and Dussault (1995). AChE is inhibited when organisms are exposed to
organophosphate and carbamate pesticides (Srain and Rudolph 2010). Lionetto et al.,
(2005) suggested that AChE is a very useful biomarker of the biological effect of a
mixture of neurotoxic pollutants in the aquatic environment. Several previous studies
have found that ROS can inhibit AChE in various tissues (O'Malley et al., 1966; den
Hartog et al., 2002). In this study, the lower concentration of azoxystrobin induced an
accumulation of ROS. Some authors (Melo, Agostinho, and Oliveira 2003; Sberna et al.,
1997) associated this effect with a disturbance in calcium homeostasis and the increase
of the AChE activity, although its role in embryo development has not yet been fully
described. Further, LDH is a key enzyme in the anaerobic pathway of energy production
and is involved in the carbohydrate metabolism (Diamantino et al., 2001), and can be
used as biochemical marker for eco-toxicity studies for hazard identification (Choudhury,
Tarafdar, and Panigrahi 2017). In this study the lowest concentration presented the
highest increase of ROS and SOD activity, showing also an increase in the LDH activity.

The high activity of LDH may be associated with tissue damage in the heart, skeletal
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muscle, and other organs (Cangemi et al., 2014) induced by the increased oxidative
damage, which may explain the results of this study in relation to the 72hpf for the lowest
concentration, since the animals had some cardiac and yolk sac edema. Notwithstanding,
the fact that the animals exposed to the lowest concentration are the most affected, this
can be explained due to the theory of hormesis, described by several authors as for
azoxystrobin, although in other organisms (Spalkova, Befiova, and Falis 2012; Pratissoli
etal., 2010; Di et al., 2016), or to other compounds (Li et al., 2009; Tu et al., 2013). This
phenomenon consists of lower doses of a compound causing more effect than higher
doses, yet this phenomenon is not yet fully understood as to the routes as it is processed
(Weltje, vom Saal, and Oehlmann 2005).

In summary, exposure to the lowest azoxystrobin concentration can affect zebrafish
embryonic development through interference with some developmental pathways that
deserve further investigation. In this regard, oxidative stress and the consequent damage
seems to be associated to the developmental arrest observed which may also be associated
to energetic and neurotoxic effects. However, further studies are needed to fully support

the hypothesis presented and clarify the underlying toxicological mechanisms.
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1. Cumulative mortality

The cumulative mortality of zebrafish embryos and larvae was recorded at, 24, 48,
72 and 96 hpf (fig. 17). At 24 hpf, no differences between concentrations tested and the

control group were observed. The same occurred at 48, 72 and 96 hpf.
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Figure 17- Cumulative mortality of zebrafish embryos exposed to mancozeb. Mortality was recorded at
24, 48, 72 and 96 h post-fertilization. Data are represented as mean + SD.

2. Developmental toxicity tests

The spontaneous movements analyzed at 24 hpf (table 5) showed no significant
differences between groups (X?(3)=0.560, p=0.905). The heartbeat (X?(3)=11.174,
p=0.011) showed a significant decrease in animals exposed to the concentration of 0.0005
mgL* (p=0.008) in relative to the control group and to the concentration of 0.005 mgL ™
(p=0.002). No other significant differences were observed.

The hatching rate (table 5) was evaluated at 72hpf (X?(3)=11.785, p=0.008). All
concentrations induced a very significative decrease in hatching rate relative to the control
group (0.0005 mgL?, p=0.013; 0.005 mgL*, p=0.006 and 0.05 mgL?, p=0.002).

The malformations observed at 96hpf (table 5) in the animals exposed to mancozeb
(X?(3)=13.274, p=0.004), were more significative different between the highest
concentration and other concentration relative to control group. In this regard, and as
expected, the control group showed no apparent malformations. The highest

concentration was statistically different from the control (p=0.002), the lowest
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concentration (p=0.008) and the concentration 0.005 mgL™? (p=0.002). No other

significant difference was observed. All animals exposed to the concentration of 0.05

mgL* showed malformations, as mandibular deformations (m); pericardium edema (pe);

yolk sac edema (ye); tail deviations (t) or spine curvatures (s) (fig. 18).

Table 5 - Sublethal parameters and malformations (%) of animals exposed to the different
concentrations of mancozeb.

Endpoint 24 hpf 48 hpf 72 hpf 96 hpf
Treatment  Spontaneous Heart beats Hatching rate Malformations
(mgL?) movement (bpm) (%) (%)
0 2(1-2) 112 (112 - 138)? 62 (55— 64)? 0(0-0)?
0.0005 1(1-2) 102 (102 - 102)° 1(0-6)° 0(0-10)?
0.005 1(1-2) 125 (111 - 136)? 0(0-4)p 0(0-0)
0.05 2(1-2) 109 (106 - 109)® 0(0-2)P 100 (90 — 100)°
Statistical 2fon _ 22y — 2(7) = 2(q) =
et X(3)=0560 X%(3) =11.174 X%(3) = 11.785 X%(3) =13.274
p value 0.905 0.011 0.008 0.004

Data from at least five independent replicates of 100 animals each. Nonparametric data were presented as
median (25"-75" quartile) and statistical analysis was performed using the Kruskal-Wallis test followed
by Dunn's test. Different lowercase letters indicate significant differences between groups (p<0.05).
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Figure 18 - Representative optical images of the zebrafish larvae after 96 h of embryonic
exposure to mancozeb. Animals exposed to the concentration of 0.05 mgL-1 showed mandibular
deformations (m); pericardium edema (pe); yolk sac edema (ye); tail deviations (t) or spine
curvatures (s). The scale bar represents 500 pum.
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Other lethal, tail and head detachment, and sublethal parameters such as
development of the somites, eyes and otoliths, blood circulation and edema were analyzed
and results shown in table 6. These parameters were present/visible in all treatment groups
at 24 and 48 hpf. At 72 hpf, the presence of edema (yolk sac and pericardia) were observed
in all group of animals exposed to mancozeb in all concentration tested. In the highest
concentration, 0.05 mgL™?, it was verified that 5 in 10 animals analyzed (50%) presented

malformations.

Table 6 -Frequency of normal embryos/larva following embryonic exposure to mancozeb.

Endpoint 24hpf 48 hpf 72 hpf
Treatment Tail Head Somite Eyes Otoliths Blood Edema*
(mgL1) detach.  detach. devel. devel. circulation
0 10/10 10/10 10/10 10/10 10/10 10/10 0/10
0.0005 10/10 10/10 10/10 10/10 10/10 10/10 1/10
0.005 10/10 10/10 10/10 10/10 10/10 10/10 1/10
0.05 10/10 10/10 10/10 10/10 10/10 10/10 5/10

Data from at least five independent replicates of 100 animals each. These parameters were present/visible,
in 10 random animals. *yolk sac and cardiac edemas.

At 96 hpf, the size of the animal and other measurements (body length, area of yolk
sac, area of heart and area of eyes) were taken and results are presented in table 7.
Significant differences (X?(3)=16.687, p=0.001) were observed when analyzing the body
length of the exposed animals that showed a significant decrease for the highest
concentration of mancozeb relative to the control, 0.0005 mgL? (p=0.025) and 0.005
mgL? (p=0.011). When the area of yolk sac (F (3,20)=6.233, p=0.101) and the cardiac
area (X?(3)=1.285, p=0.307) were measured, no differences were found between the
evaluated groups.

The area of the eye (table 7), showed differences between the evaluated groups (F
(3,20)=4.571, p=0.014). The concentration of 0.05 mgL"* showed significative decrease

relative to the control group (p=0.008). No other significant difference was observed.
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Table 7 - Effects of mancozeb exposure during embryonic stage on morphological abnormalities at

96 hpf.
Endpoint 96 hpf
Treatment Area of yolk sac Area of heart Area of eye
(maL ) Body Length (mm) (mm?) (mm?) (mm?)
0 3.48 (3.44 - 3.66)? 0.197 (0.185 - 0.199) 0.035 + 0.005 0.069 + 0.009?
0.0005 3.31(3.26 - 3.32)? 0.183(0.182 - 0.191) 0.032 + 0.005 0.062 + 0.004%
0.005 3.28(3.19 - 3.59° 0.195 (0.167 — 0.222) 0.034 + 0.006 0.064 + 0.007%
0.05 2.622 (2.54 - 2.77)° 0.224 (0.197 - 0.230) 0.030 + 0.002 0.055 + 0.006"
Statistical 2ron 2o F (3,20) = X2(3,20) =
—@ X?(3) = 16.687 X?(3) =6.233 1085 4571
p value 0.001 0.101 0.307 0.014

Data from at least five independent replicates of 100 animals each. 10 animals randomly per replicate and per
concentration were evaluated. Parametric data were expressed as mean + SD and statistical analysis was
performed using one-way ANOVA followed by Tukey's multiple-comparison test. Nonparametric data were
presented as median (25M-75" quartile) and statistical analysis was performed using the Kruskal-Wallis test
followed by Dunn's test. Different lowercase letters indicate significant differences between groups (p<0.05).
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3. Biomarker determinations

By the end of exposure, at 96 hpf, the enzyme activity and non-enzymatic defenses
were evaluated and the results are presented in figures 19, 20, 21, 22, 23 and 24.

3.1. Reactive oxygen species (ROS) quantification

Relative to the ROS quantification (fig. 19), there were no statistical differences
among tested groups (X?(3)=5.937, p=0.115).
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Figure 19- Reactive oxygen species (ROS) quantification in zebrafish embryos exposed to
mancozeb. Data from at least five independent samples (n=100/each). Data are represented as mean +
SD. Statistical analysis was performed using the Kruskal-Wallis test followed by Dunn's test. Different
lower-case letters indicate significant differences between groups (p<0.05).

3.2. Oxidative stress markers

The SOD activity (X?(3)=13.169, p=0.004) showed statistical differences between
the different concentrations assessed and the control group (figure 20). The
concentrations of 0.0005 mgL™ (p=0.04) and 0.05 mgL™ (p=0.048) showed a decrease
relative to the control group. The 0.05 mgL™ showed an increase in relation to the
concentration of 0.0005 mgL? (p=0.002) and to the concentration of 0.005 mgL*
(p=0.003). No other differences were found between groups. The activity of CAT
(X?(3)=3.693, p=0.297), GPx (F (3,33)=0.475, p=0.703) and GR (F (3,33)=2.662,
p=0.067) showed no statistically significant differences between the different

concentrations evaluated and the control group.
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Figure 20 — Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and
glutathione reductase (GR) activity determination in zebrafish embryos exposed to mancozeb. Data
from at least five independent replicates of 100 animals each. Data were expressed as mean = SD and
statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test.
Nonparametric data statistical analysis was performed using the Kruskal-Wallis test followed by Dunn's
test. Different lowercase letters indicate significant differences among groups (p<0.05).

3.3. Glutathione levels

The GSH level (F (3,33)=1.254, p=0.309) and GSSSG (F (3,33)=1.516 p=0.232)
showed no significant differences for the different concentrations evaluated and the
control group. The oxidative-stress index (OSl), the ratio between GSH and GSSG levels
(GSH/GSSG), is shown in figure 21. The ratio between GSH and GSSG was statistically
different among groups (F (3,33)=3.568, p=0.026): the highest concentration, 0.05 mgL"
! presented an increase in relation to the control group (p=0.015). For the remaining

concentrations, there were no significant differences.
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Figure 21 - Glutathione reduced form (GSH), glutathione oxidized form (GSSG), and the ration
between GSH and GSSG (OSI) level determination in zebrafish embryos exposed to mancozeb. Data
from at least five independent replicates of 100 animals each. Parametric data were expressed as mean +
SD and statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-
comparison test. Different lowercase letters indicate significant differences between groups (p<0.05).

3.4. Xenobiotic biotransformation

The results relative to the GST and CarE enzymes, responsible for the degradation
of some xenobiotics, are shown in figure 22. The GST activity presented a decrease
(X?(3)=6.783, p=0.01) for all concentrations tested in relation to control group (0.0005
mgL?, p=0.007; 0.005 mgL?, p=0.005 and 0.05 mgL™* p=0.001). No other significant
difference was observed. In relation to the CarE (F (3,33)=2.755, p=0.064), there were no
significant differences for the different concentrations evaluated and the control group.
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Figure 22 — Glutathione-s-transferase (GST), carboxylesterase (CarE) activity in zebrafish embryos
exposed to mancozeb. Data from at least five independent replicates of 100 animals each. Parametric data
were expressed as mean + SD and statistical analysis was performed using one-way ANOVA followed by
Tukey's multiple-comparison test. Nonparametric statistical analysis was performed using the Kruskal—
Wallis test followed by Dunn's test. Different lowercase letters indicate significant differences between
groups (p<0.05)
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3.5. Oxidative damage

No significant differences (X?(3)=6.906, p= 0.075) were observed in the lipid
peroxidation (fig. 23) between the different concentrations evaluated and the control

group.
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Figure 23- Lipidic peroxidation in zebrafish embryos exposed to mancozeb. Data from at least five
independent replicates of 100 animals each. Data are represented as mean + SD. Statistical analysis was
performed using the Kruskal-Wallis test followed by Dunn's test. Different lowercase letters indicate
significant differences between groups (p<0.05).

3.6. Neurotransmission and anaerobic metabolism

The effects of azoxystrobin on neurotransmission were evaluated through the AChE
activity. The AChE activity (fig. 24) showed statistical differences among groups
(X?(3)=8.979 p=0.03), with a decrease in its activity in larvae exposed to the
concentration of 0.05 mgL?* (p=0.043) and the 0.0005 mgL™ (p=0.039) compared to the
control. The lowest concentration (p=0.027) and the concentration of 0.05 mgL™*
(p=0.03), presented a decrease relative to the concentration of 0.005 mgL™. No other
significant difference was observed.

In relation to the anaerobic metabolism, evaluated by the activity of LDH (X?(3) =
6.171 p=0.104), there were no statistically significant differences for the different

concentrations evaluated and the control group (fig. 24).

72



V — Results - Mancozeb

AcHE LDH
- 0.10 £0.25
© a 2
= o
2 0.08 a 5 0.20
o
o> o
€
€ 0.06 b - 0.15
- c
< £
E b £
= 0.04 T 0.10
@ o
z <
=
— 0.02 Z 0.05
° °
£
£
= 0.00 5 0.00-
Control  0.0005 0.005 0.05 Control  0.0005 0.005 0.05
[mancozeb](mgLrl) [mancozeb](mgL'l)

Figure 24- Acetylcholinesterase (AChE) activity and Lactate dehydrogenase (LHD) activity
determination in zebrafish embryos exposed to mancozeb. Data from at least five independent
replicates of 100 animals each. Data are represented as mean + SD. Statistical analysis was performed
using the Kruskal-Wallis test followed by Dunn's test. Different lowercase letters indicate significant
differences among groups (p<0.05).
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The objective of the present study was to evaluate the effects of mancozeb in
zebrafish embryos exposed to different concentrations during a 96h period. Exposure to
the lowest and the highest concentrations caused a decrease in heartbeats while the effects
in hatching rate was almost null in all concentrations tested. The animals exposed to the
concentration of 0.05 mgL™* were malformed presenting a reduction in its body length.
The exposure to the concentration of 0.0005 and 0.005 mgL™ caused a decrease in the
activity of SOD, a decrease in the activity of GST for all concentrations and an inhibition
of the AChE activity for 0.0005 and 0.05 mgL™.

The embryogenesis is an important development phase for the development of the
animal in which several pathways correlate with each other, being very susceptible to the
occurrence of errors (Kimmel et al., 1995; Lawson and Weinstein 2002). Though,
exposure to fungicides can affect the embryo development (De la Paz et al., 2017;
Garanzini and Menone 2015; Rajeswary et al., 2007), as is the case of mancozeb or other
compounds of their class, (Domico et al., 2007; Marques et al., 2016; Nebbia and Fink-
Gremmels 1996). Mancozeb has already been reported to interfere in the development of
Astyanax jacuhiensis by causing several malformations (cardiac and yolk sac edema, tail,
spinal curvature and severely twisted notochord) (Goldoni and da Silva 2012; Santos,
Simoes, and Sa-Correia 2009). The infuction of oxidative stress and neurotoxic activity
was also reported in Clarias batrachus and zebrafish (Srivastava, Singh, and Pandey
2016; da Costa-Silva et al., 2018). In addiction it has been classified as a thyroid gland
function disruptor in zebrafish (Thienpont et al., 2011). This compound belongs to the
class of EDCS, known for the toxicity of the degradation products of the compounds that
form part of it. In the case of mancozeb, it degrades very quickly in water giving rise to
several products, being ETU the most known due to its already proven toxicity (Hwang,
Cash, and Zabik 2003; Lopez-Fernandez et al., 2016). As such, and as in current study
no pharmacokinetic approach has been taken in consideration, further study to observe
degradation of the compound would be necessary in order to infer if the observed results
are due to mancozeb or to its degradation products.

Notwithstanding, in ecotoxicological studies, the first step of each work consists in
the calculation of the LCsg, according to the OECD protocol No 236, in order to infer the
vulnerability of the embryo to the exposed compound. During the exposure period,
critical indicators of lethality are evaluated (Guidelines 2013). In this study, the value
obtained for the 96h-LCso was 5.13 mgL™. This value is similar to that of previously

published studies with fish, 3.90 mgL ™ for zebrafish, 2.2 mgL* for Oncorhynchus mykiss
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and 9.0 mgL™ for Carassius auratus (Gopi et al., 2012). Considering this LCso value,
concentrations were selected (0.0005, 0.005 and 0.05 mgL™) and the animals were
exposed during a period of 96 hours with development changes being recorded at 24, 48,
72 and 96h.

Movements in vertebrates depends on the neural networks in the brain and spinal
cord (McKeown, Downes, and Hutson 2009). Zebrafish embryos keep a strong
locomotive performance, with the first movements detected as early as 17 hpf (Pietri et
al., 2009; Saint-Amant and Drapeau 1998), being used as an early indicator for the study
of the neuromuscular function (Goody et al., 2012). In this study mancozeb did not induce
changes in the spontaneous movement at the doses tested. Still, as no study has been
found in the literature relative to neurobehavioral changes induced by this compound,
further evaluation of the behavioral outcomes at later stages may elucidate possible
neurotoxic effects of this compound.

Exposure to mancozeb also induced changes in the heartbeat of zebrafish. The
heartbeat decrease was observed in previous studies and associated with AChE inhibitors
and the direct binding acetylcholine to muscarinic acetylcholine receptors (Lin, Hui, and
Cheng 2007). AChE inhibition result in the alteration of potassium ion channel function
and action potential development (Herring, Danson, and Paterson 2002; Massion et al.,
2003) resulting in decrease of heartbeat. In this study, a decrease in heartbeat and an
inhibition the AChE activity was observed at the lowest and higher concentration of
mancozeb. Considering the previously reported study we can infer that exposure to
0.0005 0.05 mgL?* of mancozeb have an inhibitory effect in the AChE activity and
consequent decrease of the heartbeat. However, additional studies of cardiovascular
effects of mancozeb are required to validate this hypothesis.

Furthermore, all animals exposed to the concentration of 0.05 mgL™? had
malformations (cardiac and yolk sac edema, tail, spinal curvature and severely twisted
notochord) at 96 hpf as well as a reduction in body length, an increase of the area of yolk
sac and decrease in area of the eye. Moreover, animals exposed to all tested
concentrations showed a hatching inhibition. The development of zebrafish is a complex
process that may be affected by the action of this compound (da Costa-Silva et al., 2018).
In particular, the hatching of the embryo is dependent on the action of the hatching
enzyme as well as on the movements of the embryo (Winnicki, Stankowska-Radziun, and
Radziun 1970; Yamagami 1981). Previous studies (Zhou et al., 2009; Osterauer and
Kohler 2008) have reported that a variety of compounds can affect the hatching of the
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embryo by interfering on the biosynthesis of the hatching enzyme and its distribution
(Rosenthal and Alderdice 1976; Hagenmaier 1974) as well as by a diminished embryo
activity culminating in the inability to emerge from the chorion (Papiya and Kanamadi
2000). A study with a compound belonging to the same class as mancozeb similar showed
effects to those there obtained, in terms of inhibition of hatching (Haendel et al., 2004).
Although it has not been described previously, mancozeb or their degradation products
principally ETU, may induce some similar effects, suggesting the failure of chorion
digestion at all concentrations tested Still, further toxicokinetic studies may shed light on
this subject. Yet, previous studies have related the occurrence of edemas with changes in
the chorion permeabilization (Hill et al., 2004)(Hill et al., 2004; Guiney, Walker, and
Peterson 1990). In fact, for the correct embryonic development, zebrafish embryos need
to maintain the osmotic balance (Hill et al., 2004). As such, the osmotic disruption
possibly caused by mitochondrial malfunctions (Papiya and Kanamadi 2000) may
perhaps be associated to the observed effects. Still, further studies are required to verify
this hypothesis. Previous authors (Birch and Prahlad 1986; Van Leeuwen, Espeldoorn,
and Mol 1986) reports that EBDC can be associated with disruption of collagen in fish.
Collagen is clearly important for the proper formation and stability of the notochord
among other developmental process, and this is the first report to link the disruption
of collagen 2al expression to the early developmental of zebrafish (Chandrasekar et al.,
2011). Mancozeb or ETU can cause disruption of collagen 2al expression and
consequent instability of the notochord. However, detailed analysis of gene regulation in
early development will be needed to identify possible changes at the molecular level. In
addition, other study with dithiocarbamates showed that this compounds class can induce
cartilage and bone malformations (Strecker, Weigt, and Braunbeck 2013). The authors
relate notochord malformation with an accumulation of materials around notochord and
with sonic hedgehog (Shh) signaling interacts with collagen XV (essential for notochord
differentiation) (Pagnon-Minot et al., 2008). Dithiocarbamates are also known to alter the
expression of collagen 2al, an important component of the notochordal sheath (Tilton et
al., 2006) (Stemple 2005) and the pharyngeal cartilages (Yan et al., 1995) are highly
regulated by this vitamin A metabolite, among other factors (Suzuki, Srivastava, and
Kurokawa 2000). The decrease in body length of animal observed may thus be related to
changes at the above-mentioned collagen and cartilage level. Thus mancozeb, can have

effects on cartilages that affect the normal development of the animals. In this sense, this
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work will need to be complimented with a cartilage and bone development analysis with
alcian blue and fluorescein.

Studies suggest that manganese and zinc ions present in the structure of mancozeb,
have the potential of generating oxidative stress, through mitochondrial dysfunction and
alterations in glutathione levels (Nzengue et al., 2011). Accordingly, the potential of this
pesticides class to induce toxicity may be related to their association with transition
metals, which can generate the formation of ROS through a Fenton-like reaction
(Hoffman and Hardej 2012). Several studies claim that there is an increase in SOD to
control the increased ROS in organism (Han et al., 2016). However, in this study, the
exposure to the concentration of 0.0005 and 0.005 mgL™* induced a decrease in the SOD
activity. The CAT, GPx and GR activity did not show differences. On the other side,
changes in the glutahtione levels were observed. The ratio between glutathione, GSH to
GSSG is often used as an indicator of intracellular redox status (Timme-Laragy et al.,
2013), presented an increase at the highest concentrations of mancozeb tested. During
early development, the GSH dynamics are important for the maintenance of the redox
homeostasis being that changes in this ratio can be correlated to impared embryogenesis
and embryo death (Timme-Laragy et al., 2013; Massarsky, Kozal, and Di Giulio 2017).
The changes observed can be related with tissue hypoxia decreasing GSH levels, which
lead to a corresponding increase in GSSG levels described for human aortic endothelial
cells (HAEC) (Prasai et al., 2018). Previously studies demonstrated that altering basal
glutathione levels affect the angiogenesis in a murine model of ischemic vascular
remodeling through an increase in vascular endothelial growth factor (VEGF) production
(Biretal., 2013), and showed the decreased GSH to control the increased ROS and VEGF
production and to promote angiogenesis. These data suggest that glutathione levels
regulate VEGFR2 signaling. In this sense, the increase in GSH: GSSG levels may be
related with the decrease in GSH levels, as a consequence of an increase in VEGF
production. However, studies on VEGFR2 signaling in zebrafish exposed to this
compound would be required to infer this affirmation.

GST represents a family of enzymes with a central role in the biotransformation of
xenobiotics and endogenic compounds (Andrade et al., 2016)(Barata, Solayan, and Porte
2004). This enzyme has been considered as an indicator of oxidative stress and
progressively used as an environmental biomarker (Hyne and Maher 2003). GST might

contribute to the elimination of ROS (Jiang et al., 2018). The no alteration of ROS level
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in all concentrations of this compound can explain the decrease of GST activity in all
concentration.

Previous studies have been shown that oxidative stress is an important part in the
control and regulation of activity of AChE (Rodriguez-Fuentes et al., 2015). AChE plays
an important role being responsible for the hydrolysis of acetylthiocholine in
neurotransmission (Olsen et al., 2001), regulation of cell proliferation, apoptosis and cell
migrations (Zhang et al., 2002b; Jiang and Zhang 2008; Ganesan et al., 2016; Drews
1975), regulates differentiation through signaling (Falugi and Aluigi 2012) and ultimately
and in embryonic development (Falugi 1993). Changes in the activity of this enzyme can
cause failures in the previously mentioned processes and can be responsible for problems
in the embryonic development, eventually causing teratogenicity. Organophosfates and
carbamate pesticides have the capacity to inhibit the activity of AChE (Srain and Rudolph
2010). Mancozeb is compound is an EDCS and several studies have already related their
action to the inhibition of AChE (Kackar, Srivastava, and Raizada 1999), this inhibition
can be detected in this study in animals exposed to concentrations of 0.0005 mgL™ and
0.05 mgL™.

In summary, exposure to the highest mancozeb concentration can affect zebrafish
embryonic development through the interference with some developmental pathways that
deserve further investigation. Oxidative stress and the consequent damage seem to be
associated to the developmental arrest observed which, in turn, may be associated to
malformations. However, further studies are needed to fully support the hypothesis
presented and clarify the underlying toxicological mechanisms. In particular, the
elucidation of the pharmacokinetic properties of mancozeb are essential to further

understand and fully characterize the observed effects.
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1. Cumulative mortality

The cumulative mortality of zebrafish embryos and larvae was recorded at, 24, 48, 72
and 96 hpf (fig. 25). At 24 hpf, no differences among concentrations tested were observed.
The same occurred at 48, 72 and 96 hpf.

30 A
20 A

101

Cumulative mortality (%)

24 48 72 96
Hours post-fertilization (hpf)

E= Control mEE (o5mgL' B g5mgL? BN smglLt

Figure 25 - Cumulative mortality of zebrafish embryos exposed to tebuconazole. Mortality was recorded
at 24, 48, 72 and 96 h post-fertilization. Data are represented as mean + SD.

2. Developmental toxicity tests

The spontaneous movements analyzed at 24 hpf (table 8) showed a decrease
(X?(3)=8.19, p=0.042) in the concentration of 5 mgL™ relative to concentrations of 0.5
mgL? (p=0.006). No other significant difference was observed. The heartbeat
(X?(3)=7.022, p=0.071), the hatching rate (X?(3)=0.869, p=0.833) and the malformations
(X?(3)=4.831, p=0.185), showed no significant differences between groups. The figure
26, represent the animals exposed at different concentrations of tebuconazole.
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Table 8- Sublethal parameters and malformations (%) of animals exposed to the different
concentrations of tebuconazole.

Endpoint 24 hpf 48 hpf 72 hpf 96 hpf
Treatment  Spontaneous Heart beats Hatching rate Malformations
(mgL1) movement (bpm) (%) (%)
0 3(3-3)® 122 (121 - 122) 58 (49 - 60) 0(0-0)
0.05 3(2-3)® 118 (118 - 119) 61 (48 - 62) 0(0-0)
0.5 3(3-4)7 119 (118 - 121) 56 (54 - 59) 0(0-10)
5 2(2-2)p 111 (110 - 115) 57 (47 - 63) 10 (0 - 10)
St:zal::a—ss'il(xal X?(3) =8.197 X%(3) =7.022 X?(3) = 0.869 X?(3) = 4.831
p value 0.042 0.071 0.833 0.185

Data from at least five independent replicates of 100 animals each. Nonparametric data were presented as
median (25"-75™ quartile) and statistical analysis was performed using the Kruskal-Wallis test followed by
Dunn's test. Different lowercase letters indicate significant differences between groups (p<0.05).

0.5 mglL?

Figure 26 - Representative optical images of the zebrafish larvae after 96h of exposure to
tebuconazole. The scale bar represents 500 pum.

Other lethal, tail and head detachment, and sublethal parameters such as
development of the somites, eyes and otoliths development, blood circulation visible and
edema were analyzed and results shown in table 9. These parameters were present/visible
in all treatment groups at 24 and 48 hpf. At 72hpf, the presence of edema (yolk sac and
pericardial edema) were observed in the animals exposed to concentration of 0.005 mgL-

1 of tebuconazole.
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Table 9 -Frequency of normal embryos/larva following exposure to tebuconazole.

Endpoint 24hpf 48 hpf 72 hpf
Treatment Tail Head Somite Eyes Otoliths Blood Edema
(mgL?1) detach. detach. devel. devel. circulation *
0 10/10 10/10 10/10 10/10 10/10 10/10 0/10
0.05 10/10 10/10 10/10 10/10 10/10 10/10 1/10
0.5 10/10 10/10 10/10 10/10 10/10 10/10 0/10
5 10/10 10/10 10/10 10/10 10/10 10/10 0/10

Data from at least five independent replicates of 100 animals each. These parameters were present/visible,
in 10 random animals. *yolk sac and cardiac edemas.

At 96 hpf, the size of the animal and other measurements (body length, area of yolk
sac, area of heart and area of eyes) were taken and results are presented in table 10. The
body length (X?(3)=4.349, p=0.226, the area of yolk sac (F(3,20)=3.008, p=0.061), the
area of the heart (X?(3)=6.429, p=0.093) and the area of the eyes (F(3,20)=1.371,
p=0.287) were measured, no differences were found among the evaluated groups.
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Table 10 — Effects of tebuconazole exposure during embryonic stage on morphological abnormalities
at 96 hpf.

Endpoint 96 hpf
Treatment Body Length Area of yolk Area of heart Area of eye
(mgL1) (mm) sac (mm?) (mm?) (mm?)
3.39 (3.30 - 0.023.70 (0.021 -
0 3.39) 0.201 £ 0.018 0.025) 0.068 + 0.007
3.38 (3.29 - 0.027.40 (0.026 -
0.05 3.38) 0.207 £ 0.020 0.029) 0.072 £ 0.007
3.26 (3.25 - 0.026 (0.025 -
0.5 3.31) 0.204 £ 0.007 0.026) 0.065 £ 0.010
3.29 (3.21 - 0.025 (0.025 -
5 3.33) 0.231+0.022 0.026) 0.062 + 0.008
Statistical 2o — F (3,20) = 2on — F(3,20) =
test X?(3) = 4.349 3008 X?(3) =6.429 1371
p value 0.226 0.061 0.093 0.287

Data from at least five independent replicates of 100 animals each. 10 animals randomly selected per
replicate and per concentration were evaluated. Parametric data were expressed as mean + SD and
statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test.
Nonparametric data were presented as median (25"-75" quartile) and statistical analysis was performed
using the Kruskal-Wallis test followed by Dunn's test. Different lowercase letters indicate significant
differences between groups (p<0.05).
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3. Biomarker determinations

By the end of exposure, at 96 hpf, the enzyme activity and non-enzymatic defenses

were evaluated and the results are presented in figures 27, 28, 29, 30 and 31.

3.1. Reactive oxygen species (ROS) quantification

Concidering the ROS quantification (fig. 27), there were statistical differences
among groups, (F(3,20)=5.033, p=0.012). An increase in ROS production was induced
by the concentration of 0.05 mgL™ (p=0.041) and concentration of 0.5 mgL™ (p=0.013)
relative to the control group. No other significant difference was observed.
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Figure 27- Reactive oxygen species (ROS) quantification in zebrafish embryos exposed to
tebuconazole. Data from at least five independent replicates of 100 animals each. Parametric data were
expressed as mean £ SD and statistical analysis was performed using one-way ANOVA followed by
Tukey's multiple-comparison test.

3.2.0Oxidative stress markers

In relation to the SOD activity (F(3,20)=2.026, p=0.151) and the CAT activity
(X?(3)=2.531, p=0.47), there were no statistically significant differences for the different
concentrations evaluated and the control group (fig. 28). The activity of GPx (F
(3,20)=7.97, p=0.002), sowed a decrease in all concentrations evaluated relative to the
control group (0.05 mgL!, p=0.031; 0.5 mgL?, p=0.005 and 5 mgL™?, p= 0.006). The GR
activity (F (3,20)=11.214, p<0.001), presents an increase at concentration of 5 mgL™? in
relation to control (p=0.003) and other concentrations tested (0.05 mgL™, p=0.002 and
0.5 mgL1, p=0.001). No other significant differences were observed.
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Figure 28 — Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and
glutathione reductase (GR) activity determination in zebrafish embryos exposed to tebuconazole.
Data from at least five independent replicates of 100 animals each. Parametric data were expressed as mean
+ SD and statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-
comparison test. Nonparametric data statistical analysis was performed using the Kruskal-Wallis test
followed by Dunn's test. Different lowercase letters indicate significant differences between groups
(p<0.05).

3.3. Glutathione levels

The GSH activity (F (3,20)=2.949, p=0.064) and GSSSG (X?(3)=6.794, p=0.079)
were similar among treatments (Fig. 29). The ratio between GSH and GSSG levels
(GSH/GSSG) (F (3,20) = 0.704, p=0.563) also presented no significant differences for
the different concentrations evaluated and the control group.
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Figure 29 - Glutathione reduced form (GSH), glutathione oxidized form (GSSG), and the ratio
between GSH and GSSG (OSI) levels in zebrafish embryos exposed to tebuconazole. Data from at least
five independent replicates of 100 animals each. Parametric data were expressed as mean = SD and statistical
analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test.
Nonparametric data statistical analysis was performed using the Kruskal-Wallis test followed by Dunn's
test. Different lowercase letters indicate significant differences between groups (p<0.05).

3.4. Xenobiotic biotransformation

The results relative to the GST and CarE enzymes, responsible for the degradation
of some xenobiotics, are shown in figure 30. The GST activity (X?(3) = 1.537, p=0.674)
and the CarE activity (F (3,20) = 2.554, p=0.092) presented no significant differences for

the different concentrations evaluated and the control group.
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Figure 30 — Glutathione-s-transferase (GST), carboxylesterase (CarE), activity in zebrafish embryos
exposed to tebuconazole. Data from at least five independent replicates of 100 animals each. Parametric
data were expressed as mean + SD and statistical analysis was performed using one-way ANOVA followed
by Tukey's multiple-comparison test. Nonparametric data statistical analysis was performed using the
Kruskal-Wallis test followed by Dunn's test. Different lowercase letters indicate significant differences
between groups (p<0.05).
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anaerobic

The lipid peroxidation (fig. 31), was not statistical different (F (3,20) = 2.126,
p=0.137) for the different concentrations evaluated and the control group, as the AChE
activity (F (3,20) = 0.739, p=0.544), and LDH (F (3,20) = 2.652, p=0.084).
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Figure 31- Lipidic peroxidation, acetylcholinesterase (AChE) and lactate dehydrogenase (LHD) activity
determination in zebrafish embryos exposed to tebuconazole. Data from at least five independent
replicates of 100 animals each. Parametric data were expressed as mean + SD and statistical analysis was
performed using one-way ANOVA followed by Tukey's multiple-comparison test. Different lowercase letters
indicate significant differences between groups (p<0.05).
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VI — Discussion - Tebuconazole

The objective of the present study was to evaluate the effects of tebuconazole in
zebrafish embryos exposed to different concentrations during a 96h period. Exposure to
the highest concentration caused a decrease in the spontaneous movements, caused an
increase in the number malformations at 72hpf and decreased the heartbeats. In addition,
exposure to this concentration caused an increase of ROS and in the activity of GR while
induced a decrease in the GPx activity.

Exposure to several compounds may affect embryonic development, which is a
highly sensitive and controlled process in several pathways are formed and interrelated
(Kimmel et al., 1995; Lawson and Weinstein 2002). An example of this is exposure to
fungicides such as tebuconazole (Sancho, Villarroel, and Ferrando 2016; Liu, Dong, et
al., 2016; Altenhofen et al., 2017; Yu et al., 2013).

This fungicide has already been reported to interfere in the development of zebrafish
by inducing changes in the spontaneous movements, heartbeat, hatching rate and causing
several malformations at concentration of 4 mgL™ in zebrafish larvae exposed during
120h and 4 and 6 mgL"* during 96 h in adult zebrafish (Altenhofen et al., 2017; Liu, Dong,
et al., 2016). The first step of this work consisted on the calculation of the LCsq according
to the OECD protocol No 236. The concentration values reported previously in studies
with tebuconazole show concentrations very close to the LCso value calculated in this
study. In this study, the value obtained for the 96h-LCso was 7.25 mgL™. This value is
lower than previously published studies with zebrafish, ranging from 10.74 mgL*to 19.7
mgL (Liu, Dong, et al., 2016; Sancho et al., 2010). Considering this LCso value, three
concentrations were selected (0.05, 0.5 and 5 mgL 1) and the animals were exposed during
a period of 96 hours with development changes being recorded at 24, 48, 72 and 96h.

Compounds are known to be involved in the reduction of the spontaneous movement
frequency and blockage of membrane Na* channel (Fraysse, Mons, and Garric 2006).
Although, Jin et al., (2009) suggested that an increased spontaneous movements
frequency can be associated to the prolongation channel opening to cause repetitive firing
of action potentials, taking in consideration the results obtained, i.e., the decrease in
motions observed for compounds of the tebuconazole class (Mu et al., 2013; Wu et al.,
2018) has also been described which corroborates the results obtained in this study to the
highest tested dose of tebuconazole. This may be explained by the decrease in the opening
time of the Na* channels. Still, further tests are needed to support this hypothesis namely

through the evaluation of Na* channels.
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Moreover, zebrafish exposed to the concentration of 5 mgL™* showed an increased

number of malformations (cardiac and yolk sac edema and tail) at 96 hpf. Hill et al.,
(2004) in a previous study showed that the cardiac and yolk sac edema have been related
with a possible increase in the surface permeability and consequent damage of the primary
zebrafish defense barrier during its development (Hill et al., 2004; Guiney, Walker, and
Peterson 1990). The increase of a water permeability barrier at the surface of the zebrafish
embryo can be caused by a deregulation in osmotic balance during the embryonic
development (Hill et al., 2004) or metabolic or osmotic disruptions possibly caused by
mitochondrial malfunction due to the chemical (Papiya and Kanamadi 2000). These
effects may be attributed to tebuconazole, since the animals exposed to the higher
concentration has edema presence, however this work will need to be complimented with
a pharmacokinetic study which may give further indications as to the possible absorption
and metabolism of the compound.
Moreover, studies suggest that the toxicity of tebuconazole is associated with the fact that
it acts at the inhibition of the sterol 14a-demethylase. This enzyme is one of the
intermediates in pathways leading to the formation of cholesterol in humans
and ergosterol in fungi (Zarn, Bruschweiler, and Schlatter 2003). However, the study of
this enzyme was not the objective of the current work. Instead, several other biochemical
parameters were evaluated.

The ROS increase and may thus be associated with a fungicide exposed and
consequent oxidative damage (Gao et al., 2014; Affourtit, Heaney, and Moore 2000; Xiao
et al., 2014; Garanzini and Menone 2015; Domico et al., 2007; Altenhofen et al., 2017).
The ROS increase activate the antioxidant defenses, and the first to act is SOD. Several
studies claim that there is an increase in SOD associated with an increase in ROS
following exposure to tebuconazole (Chen et al., 2018). However, these data were not
obtained in this study, although exposure to tebuconazole induced an increase in the ROS
levels in all concentrations, no changes were observed in the SOD activity. The CAT
activity does not appear to be affected by the exposure to this compound. This data shows
that the first line of defense it is enough to combat the ROS.

Additionally, the GPx activity was decreased for all concentrations of tebuconazole
tested. Yet, GR showed a high activity in the concentration of 5 mgL* but not in the rest.
Moreover, the levels of GSH and GSSG were higher for the control and the two lower
concentrations. These higher levels may mean that there is oxidation/reduction process

performed by GPx and GR enzymes following exposure to the highest concentration. The
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glutathione system and related enzymes are considered a second line of defense against
oxidative damage (Jafari 2007) being the ratio of GSH to GSSG often used as an indicator
of intracellular redox status (Timme-Laragy et al., 2013). The glutathione system is a key
nonenzymatic radical scavenger and antioxidant that scavenges residual free radicals
generated from oxidative metabolism and those not decomposed by antioxidant
enzymes (EI-Shenawy 2010). The no alterations in GSH and GSSG, contents might be a
combined impact of declined GPx activity and GR activity.

In summary, exposure to tebuconazole concentrations did not affect zebrafish
embryonic development through can interference with some developmental pathways
that deserve further investigation. Thus, further studies, as genetic expression of some
oxidative stress and development related genes are needed to fully support the hypothesis

presented and clarify the underlying toxicological mechanisms.
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VIl — Results Equisetum arvense

1. Cumulative mortality

The cumulative mortality of zebrafish embryos and larvae was recorded at 24, 48,
72 and 96 hpf (fig. 32). At 24 hpf, no differences between concentrations tested and the

control group were observed. The same occurred at 48, 72 and 96 hpf.
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Figure 32 - Cumulative mortality of zebrafish embryos exposed to Equisetum arvense. Mortality was
recorded at 24, 48, 72 and 96 h post-fertilization. Data are represented as mean + SD.

2. Developmental toxicity tests

The spontaneous movements analyzed at 24 hpf (table 11) showed significant
differences between groups (X?(3)=7.859, p=0.049). The concentration of 0.0625 mgL*
showed a decrease in relation to control group (p=0.04), 0.00625 mgL™* (p=0.01) and
0.625 mgL™? (p=0.04). The heartbeat, analyzed at 48hpf showed a statistic differences (F
(3,20)=4.975, p=0.013). The concentration of 0.0625 mgL ™ showed a decrease in relation
to the control group (p=0.025) and 0.00625 mgL™* (p=0.016).

The hatching rate (table 11) was evaluated at 72hpf (X?(3)=2.201, p=0.532) and no
differences relative to the control or to other concentrations were observed. The animals

exposed to this compound did not presented malformations at 96hpf (fig. 33).
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Table 11- Sublethal parameters and malformations (%) of animals exposed to the different
concentrations of Equisetum arvense.

Endpoint 24 hpf 48 hpf 72 hpf 96 hpf
Treatment  Spontaneous Heart beats Hatching rate Malformations
(mgL1) movement (bpm) (%) (%)

0 2(2-2) 123 + 22 70 (66 - 70) -
0.00625 2(2-3)° 124 + 32 70 (68 - 70) -
0.0625 1(1-2)° 115+ 3° 68 (64 - 69) -

0.625 2(2-2) 121 +7® 68 (66 - 68) -
Sta:"a—sstt'w' X2(3) = 7.859 F (3,20) =4.975 X2(3) = 2.201 nd
p value 0.049 0.013 0.532 nd

Data from at least five independent replicates of 100 animals each. Parametric data were expressed as mean
+ SD and statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-
comparison test. Nonparametric data were presented as median (25"-75" quartile) and statistical analysis
was performed using the Kruskal-Wallis test followed by Dunn's test. In the same column, different
lowercase letters indicate significant differences between groups (p<0.05).
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Figure 33 -Representative optical images of the zebrafish larvae after 96 h embryonic exposure to
Equisetum arvense. The scale bar represents 500 pum.

Other sublethal parameters such as tail detachment, head detachment, somite
formed, eyes developed, otoliths developed and blood circulation visible (Table 12) were
analyzed and were present in all treatment groups at 24 and 48 hpf. At 72hpf, edema
presence (yolk sac and pericardial edema) were no observed in the animals exposed to

Equisetum in all concentrations.
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Table 12 - Frequency of normal embryos/larva following embryonic exposure to Equisetum arvense.

Endpoint 24hpf 48 hpf 72 hpf
Treatment  Tail Head Somite Eyes  Otoliths Blood Edema*
(mgL™?) detach.  detach. devel. devel. circulation
0 10/10 10/10 10/10 10/10 10/10 10/10 0/10
0.00625 10/10 10/10 10/10 10/10 10/10 10/10 0/10
0.0625 10/10 10/10 10/10 10/10 10/10 10/10 0/10
0.625 10/10 10/10 10/10 10/10 10/10 10/10 0/10

Data from at least five independent replicates of 100 animals each. These parameters were present/visible,
in 10 random animals. *yolk sac and cardiac edemas.

At 96 hpf, the size of the animal and other measurements (body length, area of yolk
sac, area of heart and area of eyes) were taken (table 13). Significant differences (F (3,20)
=22.79, p<0.001) were observed when analyzing the body length of the exposed animals
with a significant decrease for the animals exposed to the concentration of 0.0625 mgL*
in relation to control group, 0.00625 mgL* and 0.625 mgL* (p<0.001). When the area of
yolk sac was measured, differences were found between the evaluated groups (F (3,20) =
6.17, p=0.005). The animals exposed to the concentration of 0.0625 mgL™ presented
superior area than the control group (p=0.015) and the 0.625 mgL* (p=p=0.006). No other
significant difference was observed.

The cardiac area (table 13) was also measured and did not presented statistic
differences between the studied groups (X?(3) = 2.634, p=0.452). The area of the eye
(table 13) was statistically different among groups (F (3,20) = 26.411, p<0.001). The
concentration of 0.0625 mgL ! showed a decrease in relation to the control, 0.00625 mgL"
Land 0.625 mgL* groups (p<0.001). No other significant difference was observed.
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Table 13 — Effects of Equisetum arvense exposure during embryonic stage on morphological
abnormalities at 96 hpf.

Endpoint 96 hpf
Treatment  Body Length Area of yolk ) Area of eye
(maL ) (mm) sac (mm?) Area of heart (mm?) (mm?)
0 3.74 £ 0.042 0.206 + 0.005° 0.034 (0.034 - 0.035) 0.083 + 0.002°
0.00625 3.75+0.042 0.214 + 0.009% 0.035 (0.031 - 0.035) 0.082 + 0.002°
0.0625 3.50 £ 0.03" 0.225 +0.012° 0.035 (0.035 - 0.036) 0.074 £ 0.0007°
0.625 3.72 £0.092 0.204 + 0.006° 0.033(0.028 — 0.034) 0.081 + 0.003?
Statistical F (3,20) = _ 2oy _ F (3,20) =
—@ 29 79 F (3,20) =6.17 X?(3) = 2.634 26.411
p value 0 0.005 0.452 0

Data from at least five independent replicates of 100 animals each. 10 animals randomly per replicate and
per concentration were evaluated. Parametric data were expressed as mean + SD and statistical analysis
was performed using one-way ANOVA followed by Tukey's multiple-comparison test. Nonparametric
data were presented as median (25"-75™M quartile) and statistical analysis was performed using the
Kruskal-Wallis test followed by Dunn's test. Different lowercase letters indicate significant differences
between groups (p<0.05).
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3. Biomarker determinations

By the end of exposure, at 96 hpf, the enzyme activity and non-enzymatic defenses
were evaluated and the results presented in figures 34, 35, 36, 37, 38 and 39.

3.1.Reactive oxygen species (ROS) quantification

The ROS quantification (F (3,20) = 0.646, p=0.596) was not statistically different
among groups (fig. 34).

ROS

1507

1004

T

50

pmol DCF/mg protein

T
Control 0,00625 0,0625 0,625

lequisetum] (mgL ™)

Figure 34- Reactive oxygen species (ROS) quantification in zebrafish embryos exposed to Equisetum
arvense. Data from at least five independent samples (n=100/each). Parametric data were expressed as
mean £ SD and statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-
comparison test.

3.2. Oxidative stress markers

The SOD activity (F (3,20) = 8.899, p=0.001) showed an increase in all
concentrations tested in relation to the control group (0.00625 mgL™, p=0.001; 0.0625
mgL™ p=0.028; 0.625 mgL™ p=0.016). No other differences were found between groups
(figure 35). The activity of CAT (X?(3) = 5.446, p=0.142), did not present statistically
significant differences. The GPx activity (X%(3) = 8.623, p=0.035) showed a decrease
between 0.0625 mgL™ and 0.625 mgL™* (p=0.004) whereas no other differences were
detected between treatments. The GR activity (F (3,20) = 8.88, p=0.001) presented an
increase in the concentration of 0.00625 mgL™* (p=0.008) in relation to the control group
and to 0.625 mgL* (p=0.002). No other differences were detected between concentrations

tested and control group.
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Figure 35 — Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and
glutathione reductase (GR) activity determination in zebrafish embryos exposed to Equisetum
arvense. Data from at least five independent replicates of 100 animals each. Parametric data were expressed
as mean + SD and statistical analysis was performed using one-way ANOV A followed by Tukey's multiple-
comparison test. Nonparametric data statistical analysis was performed using the Kruskal-Wallis test
followed by Dunn's test. Different lowercase letters indicate significant differences between groups
(p<0.05).

3.3.Glutathione levels and xenobiotic biotransformation

In the figure 37 is represented the GSH, GSSG levels and the ratio between both.
The GSH (F (3,20)=3.848, p=0.03) in the concentration of 0.00625 mgL™ showed a
significative decrease in relation to the control group (p=0.023). The GSSG
(F(3,20)=3.708, p=0.034) presented a significative decrease in its levels in the lowest
concentration in relation to control group (p=0.039). No other differences were detected
between concentrations tested and control group. The oxidative-stress index (OSI), is
represented for the ratio between GSH and GSSG levels (X?(3) = 3.114, p=0.374), the
GST activity (F (3,20) = 2.404, p=0.106) and CarE activity (F (3,20) = 1.356, p=0.292)

were not different among groups (figure 36).
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Figure 37 - Glutathione reduced form (GSH), glutathione oxidized form (GSSG), and the ratio
between GSH and GSSG (OSI) levels in zebrafish embryos exposed to Equisetum arvense. Data from
at least five independent replicates of 100 animals each. Data are represented as mean + SD. Statistical
analysis was performed using the Kruskal-Wallis test followed by Dunn's test. Different lowercase letters
indicate significant differences between groups (p<0.05).
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Figure 36 — Glutathione-s-transferase (GST), carboxylesterase (CarE), activity in zebrafish embryos
exposed to Equisetum arvense. Data from at least five independent replicates of 100 animals each.
Parametric data were expressed as mean + SD and statistical analysis was performed using one-way ANOVA
followed by Tukey's multiple-comparison test.
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3.4. Oxidative damage

The lipid peroxidation (fig. 38) presented statistical differences (F (3,20) = 5.539
p=0.008) with a decrease in the concentration of 0.00625 mgL? (p=0.007) and 0.625
mgL* (p=0.037) relative to the control group. No other differences were detected between

concentrations tested and control group.
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Figure 38- Lipidic peroxidation in zebrafish embryos exposed to Equisetum arvense. Data from at
least five independent replicates of 100 animals each. Parametric data were expressed as mean + SD and
statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test.
Different lowercase letters indicate significant differences between groups (p<0.05)

3.5. Neurotransmission and anaerobic metabolism

The AChE activity (table 4) (X?(3) = 7.571, p=0.056) and LDH (X?(3) = 6.171
p=0.104) were not statistically different between evaluated concentration groups and the

control group (fig. 39).
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Figure 39- Acetylcholinesterase (AChE) activity and lactate dehydrogenase (LHD) activity in
zebrafish embryos exposed to Equisetum arvense. Data from at least five independent replicates of 100
animals each. Data are represented as mean = SD. Statistical analysis was performed using the Kruskal-
Wallis test followed by Dunn's test.
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1. Cumulative mortality

The cumulative mortality of zebrafish embryos and larvae was recorded at 24, 48,
72 and 96 hpf (fig. 40). At 24 hpf, no differences between concentrations tested and the

control group were observed. The same occurred at 48, 72 and 96 hpf.
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Figure 40 - Cumulative mortality of zebrafish embryos exposed to Mimosa tenuiflora. Mortality was
recorded at 24, 48, 72 and 96 h post-fertilization. Data are represented as mean + SD.

2. Developmental toxicity tests

The spontaneous movements analyzed at 24hpf (table 14) showed no significant
differences between groups (X?(3)=1.037 p=0.792). The heart beats (F (3,20)=0.649,
p=0.595), the hatching rate (F (3,20)=0.777, p=0.524) and the malformations
(X?(3)=2.111, p=0.55) were not significantly different between groups (fig. 41).
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Table 14 - Sublethal parameters and malformations (%) of animals exposed to the different
concentrations of Mimosa tunuiflora.

Endpoint 24 hpf 48 hpf 72 hpf 96 hpf
Treatment  Spontaneou Heart beats Hatching rate Malformations
(mgL?) s movement (bpm) (%) (%)

0 2(1-2) 1137 56 + 15 0(0-0)
0.008 1(1-1) 115 + 10 66+5 0(0-5)
0.08 2(1-2) 120+ 6 56 + 13 0(0-5)

0.8 1(1-2) 119+ 11 54 + 16 0(0-0)
Statistical X2(3) = F (3,184) = F (3,184) 2ron
test 1.037 0.649 =0.777 X53) = 1.087
p value 0.792 0.595 0.524 0.55

Data from at least five independent replicates of 100 animals each. Parametric data were expressed as mean
+ SD and statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-
comparison test. Nonparametric data were presented as median (25"-75" quartile) and statistical analysis
was performed using the Kruskal-Wallis test followed by Dunn's test. In the same column, different
lowercase letters indicate significant differences between groups (p<0.05).

0.008 mglL*

Figure 41 -Representative optical images of the zebrafish larvae after 96 h embryonic
exposure to Mimosa tunuiflora. The scale bar represents 500 pum.

Other sublethal parameters such as tail detachment, head detachment, somite
formed, eyes developed, otoliths developed and blood circulation visible (Table 15) were
analyzed and were presented in all treatment groups at 24 and 48 hpf. At 72hpf, edema
presence (yolk sac and pericardial edema) were no observed in the animals exposed to

Equisetum in all concentrations.
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Table 15 -Frequency of normal embryos/larva following embryonic exposure to Mimosa tunuiflora.

Endpoint 24hpf 48 hpf 72 hpf
Tail Head . Eyes Otoliths Blood -
Ter_ent detach. detach. Somite devel. devel. circulation Edema
(mgL™)

0 10/10 10/10 10/10 10/10 10/10 10/10 0/10
0.008 10/10 10/10 10/10 10/10 10/10 10/10 0/10
0.08 10/10 10/10 10/10 10/10 10/10 10/10 0/10
0.8 10/10 10/10 10/10 10/10 10/10 10/10 0/10

Data from at least five independent replicates of 100 animals each. These parameters were
present/visible, in 10 random animals. *yolk sac and cardiac edemas.

At 96 hpf, the size of the animal and other measurements (body length, area of yolk
sac, area of heart and area of eyes) were taken (table 16). No significant differences were
observed in body length (F (3,20) = 0.637, p=0.602), area of yolk sac (F (3,20) = 1.389,
p=0.282), area of heart (F (3,20) = 0.597, p=0.626), or area of eyes (F (3,20) = 0.267,
p=0.849).
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Table 16 — Effects of Mimosa tunuiflora exposure during embryonic stage on morphological
abnormalities at 96 hpf.

Endpoint 96 hpf
Treatmen Body Length Area of yolk Area of heart Area of eye
t (mgL?) (mm) sac (mm?) (mm?) (mm?)
0 3.56£0.20 0.222 £ 0.010 0.038 £ 0.005 0.081 + 0.015
0.008 3.49+0.26 0.238 + 0.006 0.035 £ 0.006 0.086 + 0.015
0.08 3.65+0.14 0.239 £ 0.021 0.039 £ 0.005 0.088 + 0.010
0.8 3.60+0.15 0.238 +0.019 0.038 + 0.005 0.087 +0.011
Statistical F (3,20) _ _ _
—@ 0637 F (3,20) =1.389 F (3,20) =0.597 F (3,20) =0.267
p value 0.602 0.282 0.626 0.849

Data from at least five independent replicates of 100 animals each. 10 animals randomly per replicate and
per concentration were evaluated. Parametric data were expressed as mean + SD and statistical analysis
was performed using one-way ANOVA followed by Tukey's multiple-comparison test. Nonparametric data
were presented as median (25"-75" quartile) and statistical analysis was performed using the Kruskal—
Wallis test followed by Dunn's test.Different lowercase letters indicate significant differences between

groups (p<0.05).
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3. Biomarker determinations

By the end of exposure, at 96 hpf, the enzyme activity and non-enzymatic defenses

were evaluated and the results are presented in figures 42, 43, 44 and 45.

3.1. Reactive oxygen species (ROS) quantification and Oxidative

stress markers
The ROS quantification (F (3,20) = 2.101, p=0.14), the SOD activity (X?(3) = 4.509,
p=0.212), the CAT activity (F (3,20) = 0.571, p=0.642), the GPx activity (F (3,20) = 2.96,
p=0.064) and the GR activity (F (3,20) = 0.344, p=0.794) did not presented statistically

differences between treatments (fig. 42).
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Figure 42 - Reactive oxygen species (ROS) quantification, superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx) and glutathione reductase (GR) activity determination in
zebrafish embryos exposed to Mimosa tunuiflora. Data from at least five independent replicates of 100
animals each. Parametric data were expressed as mean + SD and statistical analysis was performed using
one-way ANOVA followed by Tukey's multiple-comparison test. Nonparametric data statistical analysis
was performed using the Kruskal-Wallis test followed by Dunn's test.
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3.2. Glutathione levels

The GSH level (X%(3)=5.583, p=0.134) and the GSSG level (X?(3)=2.154, p=0.541)
did not present statistically significant differences among evaluated concentration groups.
The oxidative-stress index (OSI), represented in figure 43 for the ratio between GSH and
GSSG levels (GSH/GSSG), showed significant differences between groups (X?(3) =
7.834, p=0.05). The concentration of 0.008 mgL"* (p=0.014) and the concentration of 0.08
mgL? (p=0.033) showed an increase in relation to the control group. For the remaining

concentrations, there were no significant differences.
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Figure 43 - Glutathione reduced form (GSH), glutathione oxidized form (GSSG), and the ration
between GSH and GSSG (OSI) level in zebrafish embryos exposed to Mimosa tunuiflora. Data from at
least five independent replicates of 100 animals each. Data are represented as mean + SD. Statistical analysis
was performed using the Kruskal-Wallis test followed by Dunn's test. Different lowercase letters indicate
significant differences between groups (p<0.05).

3.3. Xenobiotic biotransformation

The GST activity (X?(3) = 3.537, p=0.316) and the CarE activity (X?(3) = 1.196,
p=0.754) were no statistically different for the different concentrations evaluated and the
control group (fig. 44).
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Figure 44 - Glutathione-s-transferase (GST), carboxylesterase (CarE), activity determination in
zebrafish embryos exposed to Mimosa tunuiflora. Data from at least five independent replicates of 100
animals each. Data are represented as mean + SD. Statistical analysis was performed using the Kruskal—
Wallis test followed by Dunn's test.

3.4. Oxidative damage, neurotransmission and anaerobic metabolism

The lipid peroxidation (figure 45), were not showed statistical differences (X?(3) =

3.754, p=0.289) for the different concentrations evaluated and the control group, such as
the AChE activity (F (3,20) = 1.829, p=0.183) and LDH activity (F (3,20) = 0.73,

p=0.549).
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Figure 45 - Lipidic peroxidation, acetylcholinesterase (AChE) activity and lactate dehydrogenase
(LHD) activity in zebrafish embryos exposed to Mimosa tunuiflora. Data from at least five independent
replicates of 100 animals each. Parametric data were expressed as mean £ SD and statistical analysis was
performed using one-way ANOVA followed by Tukey's multiple-comparison test. Nonparametric data
statistical analysis was performed using the Kruskal-Wallis test followed by Dunn's test.
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IX— Results - Thymol

1. Cumulative mortality

The cumulative mortality of zebrafish embryos and larvae was recorded at 24, 48,
72 and 96 hpf (fig. 46). At 24 hpf, no differences between concentrations tested and the
control group were observed. The same occurred at 48, 72 and 96 hpf.
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Figure 46 - Cumulative mortality of zebrafish embryos exposed to thymol. Mortality was recorded at 24,
48, 72 and 96 h post-fertilization. Data are represented as mean + SD.

2. Developmental toxicity tests

The spontaneous movements analyzed (table 17) (X?(3) = 4.907, p=0.179) the
heartbeat (F (3,20) = 2.357, p=0.11), the hatching rate (F (3,20) = 0.145, p=0.931) and
the malformations at 96hpf (X%(3) = 2.499, p=0.476), showed no significant differences
among evaluated concentration groups (fig. 47).
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Table 17- Sublethal parameters and malformations (%) of animals exposed to the different
concentrations of thymol.

Endpoint 24 hpf 48 hpf 72 hpf 96 hpf
Treatment  Spontaneous Heart beats Hatching rate Malformations
(mgL1) movement (bpm) (%) (%)
0 2(1-2) 144 + 22 61+8 0(0-0)
0.01 0(0-2) 160 +5 59+3 0(0-10)
0.1 1(0-1) 166 = 6 59+5 0(0-0)

1 2(2-2) 145 £+ 20 59+5 0(0-10)
Statistical 2oy — F (3,20) = F (3,20) 2o —
—@ X2(3) = 4.907 5 357 -0.145 X2(3) = 2.499

p value 0.179 0.11 0.931 0.476

Data from at least five independent replicates of 100 animals each. Parametric data were expressed as mean
+ SD and statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-
comparison test. Nonparametric data were presented as median (25"-75" quartile) and statistical analysis
was performed using the Kruskal-Wallis test followed by Dunn's test. In the same column, different
lowercase letters indicate significant differences between groups (p<0.05).

0.01 mgL? 1 mglL?

Figure 47- Representative optical images of the zebrafish larvae after 96 h embryonic exposure to
thymol. The scale bar represents 500 um.

Other sublethal parameters such as tail detachment, head detachment, somite
formed, eyes developed, otoliths developed and blood circulation visible (Table 18) were
analyzed and were present in all treatment groups at 24 and 48 hpf. At 72hpf, edema
presence (yolk sac and pericardial edema) were observed in the animals exposed to

thymol in all concentration.
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Table 18 - Frequency of normal embryos/larva following embryonic exposure to thymol.

Endpoint 24hpf 48 hpf 72 hpf
Tail Head . Eyes Otoliths Blood *
-”L”fnt detach.  detach, O devel. devel. circulation Edema
(mglL™)

0 10/10 10/10 10/10 10/10 10/10 10/10 1/10
0.01 10/10 10/10 10/10 10/10 10/10 10/10 1/10
0.1 10/10 10/10 10/10 10/10 10/10 10/10 1/10

1 10/10 10/10 10/10 10/10 10/10 10/10 1/10

Data from at least five independent replicates of 100 animals each. These parameters were present/visible,
in 10 random animals. *volk sac and cardiac edemas.

At 96 hpf, the size of the animal and other measurements (body length, area of yolk
sac, area of heart and area of eyes) were taken (table 19). No significant differences were
observed when analyzing the body length (X?(3) = 6.109, p=0.106), the area of yolk sac
(F (3,20) = 1.924, p=0.166) and the area of heart (F (3,20) =1.03, p=0.406). The area of

eye (F (3,20) = 3.932, p=0.028) was decreased between control group and the highest
concentration of 1 mgL™ (p=0.031).
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Table 19 — Effects of thymol exposure during embryonic stage on morphological abnormalities at 96

hpf.
Endpoint 96 hpf
Treatment Body Length Area of yolk Area of heart Area of eye
(mgL1) (mm) sac (mm?) (mm?) (mm?)
0 3.42 (3.40 - 3.51) 0.227 £0.015 0.036 = 0.005 0.080 £ 0.0022
0.01 3.50 (3.44 — 3.50) 0.227 £0.018 0.045 £ 0.007 0.071 + 0.009%
0.1 3.49 (3.46 — 3.49) 0.216 £0.014 0.042 £0.0013 0.069 + 0.007®
1 3.32(3.31-3.32) 0.245 + 0.026 0.039 + 0.009 0.067 + 0.006°
Sta:é—‘zttm' X2(3) = 6.109 F (3,20) =1.924 F (3,20) = 1.03 F (3,20) = 3.932
p value 0.106 0.166 0.406 0.028

Data from at least five independent replicates of 100 animals each. 10 animals randomly per replicate and
per concentration were evaluated. Parametric data were expressed as mean £ SD and statistical analysis was
performed using one-way ANOVA followed by Tukey's multiple-comparison test. Nonparametric data were
presented as median (25175 quartile) and statistical analysis was performed using the Kruskal-Wallis test
followed by Dunn's test. Different lowercase letters indicate significant differences between groups (p<0.05)
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3. Biomarker determinations
By the end of exposure, at 96 hpf, the enzyme activity and non-enzymatic defenses
were evaluated and the results are presented in figures 48, 49, 50 and 51.
3.1. Reactive oxygen species (ROS) quantification

The ROS quantification (X?(3) = 5.583, p=0.134) did not show significant
differences among concentrations tested and the control group (fig. 48).
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Figure 48- Reactive oxygen species (ROS) quantification in zebrafish embryos exposed to thymol.
Data from at least five independent samples (n=100/each). Data are represented as mean + SD. Statistical
analysis was performed using the Kruskal-Wallis test followed by Dunn's test. Different lowercase letters
indicate significant differences between groups (p<0.05).

3.2. Oxidative stress markers

The SOD activity (F (3,20) = 2.589, p=0.089) and CAT activity (F (3,20) = 2.133,
p=0.136) did not present statistically significant differences (fig. 49). The GPx activity (F
(3,20) = 3.609, p=0.037) showed an increase in concentration of 0.01 mgL™ in relation to
control (p=0.029) and 0.01 mgL™*. The GR activity (X?(3) = 9.103 p=0.028) showed an
increase in the concentration of 0.01 mgL™ (p=0.005) and in the concentration of 1 mgL"
! (p=0.016) in relation to the control group. No other differences were observed.
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Figure 49 — Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and
glutathione reductase (GR) activity in zebrafish embryos exposed to thymol. Data from at least five
independent replicates of 100 animals each. Parametric data were expressed as mean = SD and statistical
analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test.
Nonparametric data statistical analysis was performed using the Kruskal-Wallis test followed by Dunn'’s
test. Different lowercase letters indicate significant differences between groups (p<0.05).

3.3. Glutathione levels

The GSH level (F (3,20)=3.868, p=0.03) showed a significative increase in the
concentration of 0.1 mgL™ in relation to control group (p=0.035) (fig.50). The GSSG
level (F (3,20)=3.048, p=0.059) showed no significative differences between
concentrations tested and control group. The ratio between GSH and GSSG levels
(GSH/GSSG) (F (3,20) = 11.209, p <0.001) showed an increase in all tested
concentrations relative to the control group (0.01 mgL and 0.1 mgL™, both p=0.001 and

1 mgL™, p=0.025). No other significant differences were observed.
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Figure 50 - Glutathione reduced form (GSH), glutathione oxidized form (GSSG), and the ration
between GSH and GSSG (OSI) level in zebrafish embryos exposed to thymol. Data from at least five
independent replicates of 100 animals each. Parametric data were expressed as mean £ SD and statistical
analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test. Different
lowercase letters indicate significant differences between groups (p<0.05).

3.4. Xenobiotic biotransformation, oxidative damage,

neurotransmission and anaerobic metabolism

The GST activity (figure 51) (F (3,20) = 8.119, p=0.002), presented an increase
between the concentration of 1 mgL™? (p=0.001) and the control group. No other
significant difference was observed. The CarE (F (3,20) = 0.654, p=0.592), the lipid
peroxidation (X?(3) = 2.726, p=0.436), the AChE activity (X?(3) = 2.360, p=0.501), and
the LDH activity (F (3,20) = 0.474, p=0.704), were not statistically different for the
different concentrations evaluated and the control group.
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Figure 51 — Glutathione-s-transferase (GST), carboxylesterase (CarE) activity, lipidic peroxidation
levels , acetylcholinesterase (AChE) activity, lactate dehydrogenase (LHD) activity in zebrafish
embryos exposed to thymol. Data from at least five independent replicates of 100 animals each.
Parametric data were expressed as mean + SD and statistical analysis was performed using one-way
ANOVA followed by Tukey's multiple-comparison test. Nonparametric data statistical analysis was
performed using the Kruskal-Wallis test followed by Dunn's test. Different lowercase letters indicate
significant differences between groups (p<0.05).
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X — Discussion

The objective of the present study was to evaluate the effects of Thymol as well as
the extracts from Equisetum arvense and Mimosa tenuiflora in zebrafish embryos
exposed to different concentrations during a 96h period. Exposure to the concentration of
0.0625 mgL™! of Equisetum caused a decrease in the spontaneous movements and
heartbeat. In addition, considering the morphological parameters, exposure to this
concentration also caused a decrease in the body length and an increase in the area of yolk
sac. Thymol and Mimosa tunuiflora had no effect on the sublethal and morphological
parameters. At the biochemical parameters, thymol showed an increase in the GPx and
GR activity, GSH levels, GSH/GSSG ratio and in the GST activity. The exposure to
Equisetum caused an increase in SOD and GR activity and a decrease in the GPx activity.
Mimosa tunuiflora did not show changes in the evaluated biochemical parameters.

According to the OECD protocol No 236 the first step in a toxicological assay is on
the calculation of the LCso. This protocol is useful to identify the mode of action of a
substance and also helps to compare the dose response among various chemical
substances. The 96h-LCs tests are conducted to assess the vulnerability (every 24h) and
survival potential of organisms in the presence of a compound. At the end of the exposure
period, acute toxicity is determined based on a positive outcome in any of the four apical
observations recorded, and the LCso is calculated (Guidelines 2013). In this study, the
values obtained for the 96h-LCso were 32.67 mgL™* for thymol, 435.31 mgL* for
Equisetum arvense and 123.87 mgL™ for Mimosa tenuiflora. Considering these LCso
values, three concentrations were selected: 0.01, 0.1 and 1 mgL™* for thymol, 0.00625,
0.0625 and 0.625 mgL ™ for Equisetum arvense and 0.008, 0.08 and 0.8 mgL"* for Mimosa
tenuiflora, and the animals were exposed during a period of 96 hours with development
changes being recorded at 24, 48, 72 and 96h.

Zebrafish embryos possess a very strong locomotive behavior which can be a useful
tool to study the neuromuscular function (Goody et al., 2012). Several key time points in
the behavioral development of zebrafish have been described. Zebrafish embryos start to
show spontaneous movements of the trunk and tail at 17 hours postfertilization (hpf)
(Pietri et al., 2009; Saint-Amant and Drapeau 1998). After hatching, around 72 hpf, they
start to show movements more complex behaviors (McKeown, Downes, and Hutson
2009). As shown in previous studies, the spontaneous movements are due to uncontrolled
action potential in motorneurons. Compounds are known to be involved in the reduction
of the spontaneous movement frequency by limiting the spreading of the action potential

and consequently the myotomal contraction rate through the blockage of membrane
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Na* channel (Fraysse, Mons, and Garric 2006). Although, Jin et al., (2009) suggested that
an increased spontaneous movements frequency is associated to the prolongation channel
opening to cause repetitive firing of action potentials, taking in consideration the results
obtained, i.e., the decrease in movements observed for the concentrations of 0.0625 mgL-
! of Equisetum, may be explained by the decrease in the opening time of the Na* channels
for some constituent present in the extract tested. Still, further tests are needed to support
this hypothesis namely through the evaluation of Na* channels.

In addition, exposure to Equisetum extract induced changes in the heartbeat of
zebrafish. The heartbeat is an important development parameter (Lin, Hui, and Cheng
2007; Mersereau et al., 2015) and previous studies relate AChE inhibitors with a
decreased heartbeat due to the direct binding acetylcholine to muscarinic acetylcholine
receptors on the sino-atrial node, affecting nitric oxide synthesis by endothelial nitric
oxide synthase as well as subsequent intracellular signaling (Lin, Hui, and Cheng 2007).
As a result, potassium ion channel function and action potential development are altered
(Herring, Danson, and Paterson 2002; Massion et al., 2003) resulting in a slower heart
rate. In this study it was observed a decrease in heartbeat in relation to the control at the
concentration of 0.0625 mgL* of Equisetum extract, but no alterations on AChE activity.
Still, further studies of cardiovascular effects are required to corroborate this hypothesis.

Moreover, zebrafish exposed to the concentration of 0.0625 mgL™? of Equisetum
extract had a decrease in body length. This can occur in animals exposed to synthetic
fungicides, such as difenoconazole, has already described, and may be associated to
decreases in growth hormone (GH) and insulin-like growth factor 1 (IGF-1) (Mu et al.,
2016) (Liu et al., 2014) (Meganathan et al., 2015; Colao et al., 2006). Still, to what extent
does this situation actually represents the outcome to natural compounds exposure
deserves further investigation. Thymol and Mimosa tenuiflora extract did not present
changes in the parameters previously mentioned.

Moreover, biochemical parameters were also analyzed to complete the data of
developmental toxicity. Studies suggest that natural compounds have anti-oxidants
proprieties (Yu et al., 2016; Cetojevic-Simin et al., 2010). In this study, exposure to
natural compounds did not cause a significant increase in ROS at any of the
concentrations assessed, which may be related to the anti-oxidant capacity presented by
these compounds. Still, an increase in SOD activity for all concentrations of Equisetum
extract was observed, that can be because there will be other reactive species that have

not been measured and that may be influencing the results causing the increase of the
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enzymes. This compound also induced an increase in GR activity for the concentration
of 0.00625 mgL? and 0.0625 mgL™, consequently the levels of GSH and GSSG were
decrease at lower concentration of Equisetum extract. Thymol also showed an increase in
GR and GPx activity for the concentration of 0.01 mgL™* and an increase in GSH level.
Low levels of GSH mean that there is no oxidation/reduction, process performed by GPx
and GR enzymes, so this radical elimination pathway was affected by this compound
concentration. The glutathione system and related enzymes are considered a second line
of defense against oxidative damage (Jafari 2007) being the ratio of GSH to GSSG often
used as an indicator of intracellular redox status (Timme-Laragy et al., 2013). The GSH
activity are important for the maintenance of the redox homeostasis in organism cells
(Timme-Laragy et al., 2013; Massarsky, Kozal, and Di Giulio 2017). Other glutathione
is GST, an enzyme that collaborates in the reactions of the first phase of detoxification of
xenobiotic (Barata, Solayan, and Porte 2004; Andrade et al., 2016). Moreover, GST might
contribute to the elimination of superoxide radicals caused by oxidative stress (Jiang et
al., 2018). The decrease of GSH and GSSG contents might be a combined impact of
increase in GR activity. This fact such as the increase in SOD and GST may be associated
with the anti-oxidant properties of natural compound (Tabti et al., 2014; Kalidindi et al.,
2015; Sakka Rouis-Soussi et al., 2014). Santo et al., (2018) showed that Uncaria
tomentosa extract can increase a SOD level in zebrafish adult liver. However, Zhang et
al., (2017) through the analysis of oxidative stress-related enzyme genes and other
parameters, found that Quercetin may have deregulatory effects on mitochondria and
consequently increased oxidative stress in zebrafish larvae. Still further studies are
required to prove such effects.

LPO, an index for measuring membrane damage, occurs with an increase in
hydroxyl radical production (Ganesan et al., 2016; Blokhina, Virolainen, and Fagerstedt
2003). ROS increases the lipid peroxides causing a disruption in the lipid integrity of the
membranes (Radi and Matkovics 1988). Such deterioration of membrane lipids is a
prominent marker of oxidative damage (Sayeed et al., 2003). The concentration of
0.00625 mgL* and 0.625 mgL ™ showed a decrease in lipidic peroxidation. This may be
due to increased SOD, GPx and GR, thus reducing the impact of ROS.

In summary, exposure to Mimosa tenuiflora does not affect the embryonic
development of zebrafish. Equisetum arvense caused a decrease in the spontaneous
movements and in the heart beats, induced an increase in the activity of antioxidant

enzymes against the oxidative stress caused by the increase of ROS. Thymol does not
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interfere at the morphological level in the embryonic development however it induced an
increase in the anti-oxidant defenses. However, pathways how can that natural compound
increase the anti-oxidant defenses that deserve further investigation. In addition, further
studies are needed to fully support the hypothesis presented and to clarify the underlying
toxicological mechanisms, e.g. evaluation of the gene expression relative to the
antioxidant enzymes, in order to determine whether that the animals exposed to these

compounds really had an anti-oxidant defenses increase.
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The purpose of this study was to evaluate the effects of various synthetic
(azoxystrobin; tebuconazole; mancozeb) and natural fungicides (thymol, extract of
Equisetum and extract of Mimosa tenuiflora) on zebrafish embryo development, used as
toxicological model.

At the level of LCso, natural fungicides presented higher values which, in
toxicological terms, seems to be favorable compared to the synthetic compounds.
However, considering the LCso and the values applied and those found in the
environment, all synthetic compounds tested had a good margin of safety. Still, although
natural compounds have higher LCso values, it is not advised that they be exceeded due
to the complications that may arise from their use and possible accumulation.

The evaluation of lethal, sub-lethal and teratogenic parameters during zebrafish
embryonic development showed that mancozeb is the one that stands out, as it causes a
high inhibition of hatching and a high rate of malformations as well as the reduction of
other important parameters such as the heart beats. Azoxystrobin also causes
malformations at the highest dose tested, however with less incidence and severity than
mancozeb. There were no significant differences in the embryonic development of
zebrafish exposed to tebuconazole, Equisetum arvense extract, Mimosa tenuiflora extract
and thymol.

After performing the biochemical analyzes to evaluate oxidative-related parameters
it can be concluded that the compound that presents a greater concern in terms of
oxidative stress is azoxystrobin, due to the sharp increase of the ROS at the lowest
concentration and consequent increases of the enzymes responsible for the control of
these reactive species. It is also the one that presents greater cellular damage (LPO) and
the most significant alterations in the AChE level which may imply changes at the
neuronal level. In addition, other processes controlled by this enzyme may be affected.
The enzymes responsible for the xenobiotic biotransformation have also a higher activity
in the animals exposed to azoxystrobin, which can occur due to the structure of the
compound. The remaining synthetic and natural compounds, although showing an
increase in some of the aforementioned parameters, were not very relevant in view of the
difference with the control group. Overall, this data shows that the use of natural
fungicides may be an alternative to the use of the synthetic fungicides tested in terms of
the evaluated parameters.

However, future pharmacokinetic studies should be performed to evaluate and

characterize how these compounds act at the level of the organism, in order to prove some
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of the data obtained and to associate the effects with the respective compound/mechanism
of action. Evaluation of the expression of genes related to oxidative stress (eg. cat, cu/zn
sod and others), to development (eg. EF1a) and genes related to possible malformations
in the notochord (eg. floating head (flh), no tail (ntl) and doc), as well as to evaluate the
expression of proteins related to these parameters by western blot, among other possible
techniques. Moreover, the analysis of animal behavior may uncover other

neurotoxicological effects that were not visible at the physiological and organism level.

138



Chapter Xl

References

Effects of synthetic and plant-based fungicides on
biomarkers in the early stages of zebrafish
development







XlI- References

Abbas, R., and W. L. Hayton. 1997. "A physiologically based pharmacokinetic and
pharmacodynamic model for paraoxon in rainbow trout." Toxicol Appl Pharmacol 145
(1):192-201.

Abbaszadeh, S., A. Sharifzadeh, H. Shokri, A. R. Khosravi, and A. Abbaszadeh. 2014.
"Antifungal efficacy of thymol, carvacrol, eugenol and menthol as alternative agents to
control the growth of food-relevant fungi." J Mycol Med 24 (2):e51-6.

Adetutu, E. M., A. S. Ball, and A. M. Osborn. 2008. "Azoxystrobin and soil interactions:
degradation and impact on soil bacterial and fungal communities." J Appl Microbiol 105
(6):1777-90.

Affourtit, C., S. P. Heaney, and A. L. Moore. 2000. "Mitochondrial electron transfer in the wheat
pathogenic fungus Septoria tritici: on the role of alternative respiratory enzymes in
fungicide resistance." Biochim Biophys Acta 1459 (2-3):291-8.

Ahmad, A., A. Khan, F. Akhtar, S. Yousuf, I. Xess, L. A. Khan, and N. Manzoor. 2011.
"Fungicidal activity of thymol and carvacrol by disrupting ergosterol biosynthesis and
membrane integrity against Candida." Eur J Clin Microbiol Infect Dis 30 (1):41-50.

Aktar, M. W., D. Sengupta, and A. Chowdhury. 2009. "Impact of pesticides use in agriculture:
their benefits and hazards." Interdiscip Toxicol 2 (1):1-12.

Ali, S., D. L. Champagne, H. P. Spaink, and M. K. Richardson. 2011. "Zebrafish embryos and
larvae: a new generation of disease models and drug screens." Birth Defects Res C
Embryo Today 93 (2):115-33.

Almeida, A. R., T. S. Andrade, V. Burkina, G. Fedorova, S. Loureiro, A. M. Soares, and I.
Domingues. 2015. "Is UV radiation changing the toxicity of compounds to zebrafish
embryos?". Ecotoxicol Environ Saf 122:145-52.

Altenhofen, S., D. D. Nabinger, M. T. Wiprich, T. C. B. Pereira, M. R. Bogo, and C. D. Bonan.
2017. "Tebuconazole alters morphological, behavioral and neurochemical parameters in
larvae and adult zebrafish (Danio rerio)." Chemosphere 180:483-90.

Andrade, T. S., J. F. Henriques, A. R. Almeida, A. L. Machado, O. Koba, P. T. Giang, Amvm
Soares, and |. Domingues. 2016. "Carbendazim exposure induces developmental,
biochemical and behavioural disturbance in zebrafish embryos." Aquat Toxicol 170:390-
9.

Angelotti, Francislene, Claudia Regina Scapin Buffara, Dauri José Tessamnn, Rafael Augusto
Vieira, and Jodo Batista Vida. 2014. "Protective, curative and eradicative activities of
fungicides against grapevine rust." Ciéncia Rural 44 (8):1367-70.

Arias-Estévez, Manuel, Eugenio Lépez-Periago, Elena Martinez-Carballo, Jesis Simal-Gandara,
Juan-Carlos Mejuto, and Luis Garcia-Rio. 2008. "The mobility and degradation of
pesticides in soils and the pollution of groundwater resources." Agriculture, Ecosystems
& Environment 123 (4):247-60.

Avdesh, A., M. Chen, M. T. Martin-lverson, A. Mondal, D. Ong, S. Rainey-Smith, K. Taddei, et
al., 2012. "Regular care and maintenance of a zebrafish (Danio rerio) laboratory: an
introduction.” J Vis Exp (69):e4196.

Barata, C., A. Solayan, and C. Porte. 2004. "Role of B-esterases in assessing toxicity of
organophosphorus (chlorpyrifos, malathion) and carbamate (carbofuran) pesticides to
Daphnia magna.” Aquat Toxicol 66 (2):125-39.

Bartett, Dave W., John M. Clough, Chris R. A. Godfrey, Jeremy R. Godwin, Alison A. Hall, Steve
P. Heaney, and Steve J. Maund. 2001. "Understanding the strobilurin fungicides.”
Pesticide Outlook 12 (4):143-8.

Bartlett, D. W., J. M. Clough, J. R. Godwin, A. A. Hall, M. Hamer, and B. Parr-Dobrzanski. 2002.
"The strobilurin fungicides.”" Pest Manag Sci 58 (7):649-62.

Belpoggi, Fiorella, Morando Soffritti, Marina Guarino, Luca Lambertini, Daniela Cevolani, and
Cesare Maltoni. 2006. "Results of Long-Term Experimental Studies on the
Carcinogenicity of Ethylene-bis-Dithiocarbamate (Mancozeb) in Rats." Annals of the
New York Academy of Sciences 982 (1):123-36.

141



XlI- References

Berenzen, N., A. Lentzen-Godding, M. Probst, H. Schulz, R. Schulz, and M. Liess. 2005. "A
comparison of predicted and measured levels of runoff-related pesticide concentrations
in small lowland streams on a landscape level." Chemosphere 58 (5):683-91.

Bertrand, C., A. Chatonnet, C. Takke, Y. L. Yan, J. Postlethwait, J. P. Toutant, and X. Cousin.
2001. "Zebrafish acetylcholinesterase is encoded by a single gene localized on linkage
group 7. Gene structure and polymorphism; molecular forms and expression pattern
during development.” J Biol Chem 276 (1):464-74.

Bir, S. C., X. Shen, T. J. Kavanagh, C. G. Kevil, and C. B. Pattillo. 2013. "Control of angiogenesis
dictated by picomolar superoxide levels." Free Radic Biol Med 63:135-42.

Birben, E., U. M. Sahiner, C. Sackesen, S. Erzurum, and O. Kalayci. 2012. "Oxidative stress and
antioxidant defense." World Allergy Organ J 5 (1):9-19.

Birch, W. X., and K. V. Prahlad. 1986. "Effects of minute doses of ethylenebisdithiocarbamate
disodium salt (nabam) and its degradative products on connective tissue envelopes of the
notochord in Xenopus: an ultrastructural study.” Cytobios 48 (194-195):175-84.

Bird, Sandra L., David M. Esterly, and Steven G. Perry. 1996. "Off-Target Deposition of
Pesticides from Agricultural Aerial Spray Applications.” Journal of Environment Quality
25 (5):1095.

Blokhina, O., E. Virolainen, and K. V. Fagerstedt. 2003. "Antioxidants, oxidative damage and
oxygen deprivation stress: a review." Ann Bot 91 Spec No (2):179-94.

Bocquet, Laetitia, Céline Riviére, Charles Dermont, Jennifer Samaillie, Jean-Louis Hilbert,
Patrice Halama, Ali Siah, and Sevser Sahpaz. 2018. "Antifungal activity of hop extracts
and compounds against the wheat pathogen Zymoseptoria tritici." Industrial Crops and
Products 122:290-7.

Bolton, Evan E., Yanli Wang, Paul A. Thiessen, and Stephen H. Bryant. 2008. "Chapter 12 -
PubChem: Integrated Platform of Small Molecules and Biological Activities." In Annual
Reports in Computational Chemistry, edited by Ralph A. Wheeler and David C.
Spellmeyer, 217-41. Elsevier.

Bucheli, Thomas D, and Karl Fent. 1995. "Induction of cytochrome P450 as a biomarker for
environmental contamination in aquatic ecosystems." Critical Reviews in Environmental
Science and Technology 25 (3):201-68.

Buckley, J. D., A. T. Meadows, M. E. Kadin, M. M. Le Beau, S. Siegel, and L. L. Robison. 2000.
"Pesticide exposures in children with non-Hodgkin lymphoma." Cancer 89 (11):2315-
21.

Bugel, S. M., R. L. Tanguay, and A. Planchart. 2014. "Zebrafish: A marvel of high-throughput
biology for 21(st) century toxicology." Curr Environ Health Rep 1 (4):341-52.

Burt, Sara. 2004. "Essential oils: their antibacterial properties and potential applications in
foods—a review." International journal of food microbiology 94 (3):223-53.

Caballero, Benjamin, Paul Finglas, and Fidel Toldra. 2015. Encyclopedia of food and health:
Academic Press.

Cai, Q. Y., C. H. Mo, Q. T. Wu, A. Katsoyiannis, and Q. Y. Zeng. 2008. "The status of soil
contamination by semivolatile organic chemicals (SVOCs) in China: a review." Sci Total
Environ 389 (2-3):209-24.

Calvert, Geoffrey M, Walter A Alarcon, Ann Chelminski, Mark S Crowley, Rosanna Barrett,
Adolfo Correa, Sheila Higgins, Hugo L Leon, Jane Correia, and Alan Becker. 2007.
"Case report: three farmworkers who gave birth to infants with birth defects closely
grouped in time and place—Florida and North Carolina, 2004—2005." Environmental
health perspectives 115 (5):787.

Cangemi, Claudia, Maria Lyck Hansen, William Scott Argraves, and Lars Melholt Rasmussen.
2014. "Fibulins and their role in cardiovascular biology and disease.” In Advances in
clinical chemistry, 245-65. Elsevier.

Cao, F., P. Wu, L. Huang, H. Li, L. Qian, S. Pang, and L. Qiu. 2018. "Short-term developmental
effects and potential mechanisms of azoxystrobin in larval and adult zebrafish (Danio
rerio).” Aquat Toxicol 198:129-40.

Cao, F., L. Zhu, H. Li, S. Yu, C. Wang, and L. Qiu. 2016. "Reproductive toxicity of azoxystrobin
to adult zebrafish (Danio rerio)." Environ Pollut 219:1109-21.

142



XlI- References

Carvan lii, Michael J, David M Sonntag, Christopher B Cmar, Robert S Cook, Michelle A Curran,
and Gerri L Miller. 2001. "Oxidative stress in zebrafish cells: potential utility of
transgenic zebrafish as a deployable sentinel for site hazard ranking." Science of the Total
Environment 274 (1-3):183-96.

Cernohlavkova, J., J. Jarkovsky, and J. Hofman. 2009. "Effects of fungicides mancozeb and
dinocap on carbon and nitrogen mineralization in soils." Ecotoxicol Environ Saf 72
(1):80-5.

Cetojevic-Simin, D. D., J. M. Canadanovic-Brunet, G. M. Bogdanovic, S. M. Djilas, G. S.
Cetkovic, V. T. Tumbas, and B. T. Stojiljkovic. 2010. "Antioxidative and
antiproliferative activities of different horsetail (Equisetum arvense L.) extracts." J Med
Food 13 (2):452-9.

Chandrasekar, G., A. Arner, S. S. Kitambi, K. Dahlman-Wright, and M. A. Lendahl. 2011.
"Developmental toxicity of the environmental pollutant 4-nonylphenol in zebrafish."
Neurotoxicol Teratol 33 (6):752-64.

Chavan, Pradnya S., and Santosh G. Tupe. 2014. "Antifungal activity and mechanism of action
of carvacrol and thymol against vineyard and wine spoilage yeasts." Food Control
46:115-20.

Chen, J., M. Saleem, C. Wang, W. Liang, and Q. Zhang. 2018. "Individual and combined effects
of herbicide tribenuron-methyl and fungicide tebuconazole on soil earthworm Eisenia
fetida." Sci Rep 8 (1):2967.

Cheng, Shuk Han, Albert Wing Kong Wai, Chun Hung So, and Rudolf Shiu Sun Wu. 2000.
"Cellular and molecular basis of cadmium-induced deformities in zebrafish embryos."
Environ Toxicol Chem 19 (12):3024-31.

Choudhury, Neelanjana, Jayanta Tarafdar, and Ashis Kumar Panigrahi. 2017. "Assessment of
Antioxidant Biomarkers and Protein Levels in Tissues of Oreochromis mossambicus and
Channa punctatus Exposed to Toxicity by Fungicides." Turkish Journal of Fisheries and
Aquatic Sciences 17 (3):487-98.

Claiborne, A. 1985. "Catalase activity." Catalase activity:283-4.

Clark, K. J., N. J. Boczek, and S. C. Ekker. 2011. "Stressing zebrafish for behavioral genetics."
Rev Neurosci 22 (1):49-62.

Colao, A., C. Di Somma, M. C. Savanelli, M. De Leo, and G. Lombardi. 2006. "Beginning to
end: cardiovascular implications of growth hormone (GH) deficiency and GH therapy."
Growth Horm IGF Res 16 Suppl A:S41-8.

Copplestone, J. F. 1988. "The development of the WHO Recommended Classification of
Pesticides by Hazard." Bull World Health Organ 66 (5):545-51.

Costa-Silva, D. G. D., L. P. Leandro, P. B. Vieira, N. R. de Carvalho, A. R. Lopes, L. E. Schimith,
M. E. M. Nunes, et al., 2018. "N-acetylcysteine inhibits Mancozeb-induced impairments
to the normal development of zebrafish embryos." Neurotoxicol Teratol 68:1-12.

Craig, P. M., C. M. Wood, and G. B. McClelland. 2007. "Oxidative stress response and gene
expression with acute copper exposure in zebrafish (Danio rerio)." Am J Physiol Regul
Integr Comp Physiol 293 (5):R1882-92.

Croucher, Lucy, Philip Jewess, and Marie C Roberts. 2007. Metabolic Pathways of
Agrochemicals: Part 2: Insecticides and Fungicides: Royal Society of Chemistry.
Cruzeiro, C., S. Amaral, E. Rocha, and M. J. Rocha. 2017. "Determination of 54 pesticides in
waters of the Iberian Douro River estuary and risk assessment of environmentally
relevant mixtures using theoretical approaches and Artemia salina and Daphnia magna

bioassays." Ecotoxicol Environ Saf 145:126-34.

Cruzeiro, C., M. A. Pardal, E. Rocha, and M. J. Rocha. 2015. "Occurrence and seasonal loads of
pesticides in surface water and suspended particulate matter from a wetland of worldwide
interest--the Ria Formosa Lagoon, Portugal.” Environ Monit Assess 187 (11):669.

Cruzeiro, C., E. Rocha, M. A. Pardal, and M. J. Rocha. 2016. "Environmental assessment of
pesticides in the Mondego River Estuary (Portugal).” Mar Pollut Bull 103 (1-2):240-6.

Cryer, Steven A., Gerrit De Boer, Norm Pearson, and Robert Ehr. 2015. "Modeling ethylene
bisdithiocarbamate efficacy potential in the presence of a zoospore attractant.”
Environmental Modeling & Assessment 21 (4):467-78.

143



XlI- References

da Costa-Silva, Dennis Guilherme, Luana Paganotto Leandro, Praticia de Brum Vieira, Nelson
Rodrigues de Carvalho, Andressa Rubim Lopes, Lucia Emanueli Schimith, Mauro
Eugénio Medina Nunes, Renata Siqueira de Mello, Illana Kemmerich Martins, and
Adriano Alves de Paula. 2018. "N-acetylcysteine inhibits Mancozeb-induced
impairments to the normal development of zebrafish embryos.” Neurotoxicology and
Teratology 68:1-12.

Dahm, R., and R. Geisler. 2006. "Learning from small fry: the zebrafish as a genetic model
organism for aquaculture fish species.” Mar Biotechnol (NY) 8 (4):329-45.

Dahm, Ralf, Robert Geisler, and Christiane Niisslein-Volhard. 2005. Zebrafish (Danio rerio)
genome and genetics: Wiley Online Library.

Daniels, J. L., A. F. Olshan, and D. A. Savitz. 1997. "Pesticides and childhood cancers.” Environ
Health Perspect 105 (10):1068-77.

Davidson, P Michael, T Matthew Taylor, and Shannon E Schmidt. 2013. "Chemical preservatives
and natural antimicrobial compounds.” In Food microbiology, 765-801. American
Society of Microbiology.

De la Paz, J. F., N. Beiza, S. Paredes-Zuniga, M. S. Hoare, and M. L. Allende. 2017. "Triazole
fungicides inhibit zebrafish hatching by blocking the secretory function of hatching gland
cells.” Int J Mol Sci 18 (4):710.

de Lima, D., G. M. Roque, and E. A. de Almeida. 2013. "In vitro and in vivo inhibition of
acetylcholinesterase and carboxylesterase by metals in zebrafish (Danio rerio)." Mar
Environ Res 91:45-51.

DelLeve, L. D., and N. Kaplowitz. 1991. "Glutathione metabolism and its role in hepatotoxicity."
Pharmacol Ther 52 (3):287-305.

den Hartog, Gertjan J. M., Erik Vegt, Wim J. F. van der Vijgh, Guido R. M. M. Haenen, and Aalt
Bast. 2002. "Hypochlorous Acid Is a Potent Inhibitor of Acetylcholinesterase.” Toxicol
Appl Pharmacol 181 (3):228-32.

Deng, J., L. Yu, C. Liu, K. Yu, X. Shi, L. W. Yeung, P. K. Lam, R. S. Wu, and B. Zhou. 2009.
"Hexabromocyclododecane-induced developmental toxicity and apoptosis in zebrafish
embryos." Aquat Toxicol 93 (1):29-36.

Dennery, P. A. 2007. "Effects of oxidative stress on embryonic development.” Birth Defects Res
C Embryo Today 81 (3):155-62.

Di, Ya-Li, Meng-Long Cong, Ran Zhang, and Fu-Xing Zhu. 2016. "Hormetic effects of
trifloxystrobin on aggressiveness of Sclerotinia sclerotiorum." Plant Disease 100
(10):2113-8.

Diamantino, Teresa C., Elisabete Almeida, Amadeu M. V. M. Soares, and Lucia Guilhermino.
2001. "Lactate dehydrogenase activity as an effect criterion in toxicity tests with Daphnia
magna straus." Chemosphere 45 (4-5):553-60.

Doke, S. K., and S. C. Dhawale. 2015. "Alternatives to animal testing: A review." Saudi Pharm
J 23 (3):223-9.

Domico, L. M., K. R. Cooper, L. P. Bernard, and G. D. Zeevalk. 2007. "Reactive oxygen species
generation by the ethylene-bis-dithiocarbamate (EBDC) fungicide mancozeb and its
contribution to neuronal toxicity in mesencephalic cells.” NeuroToxicology 28 (6):1079-
91.

Domingues, I., R. Oliveira, J. Lourenco, C. K. Grisolia, S. Mendo, and A. M. Soares. 2010.
"Biomarkers as a tool to assess effects of chromium (VI1): comparison of responses in
zebrafish early life stages and adults." Comp Biochem Physiol C Toxicol Pharmacol 152
(3):338-45.

Dotan, Y., D. Lichtenberg, and I. Pinchuk. 2004. "Lipid peroxidation cannot be used as a universal
criterion of oxidative stress." Prog Lipid Res 43 (3):200-27.

Drews, U. 1975. "Cholinesterase in embryonic development.” Prog Histochem Cytochem 7 (3):1-
52.

Durak, I., Z. Yurtarslanl, O. Canbolat, and O. Akyol. 1993. "A methodological approach to
superoxide dismutase (SOD) activity assay based on inhibition of nitroblue tetrazolium
(NBT) reduction.” Clin Chim Acta 214 (1):103-4.

144



XlI- References

El-Shenawy, N. S. 2010. "Effects of insecticides fenitrothion, endosulfan and abamectin on
antioxidant parameters of isolated rat hepatocytes." Toxicol In Vitro 24 (4):1148-57.

Ellman, G. L. 1959. "Tissue sulfhydryl groups.” Arch Biochem Biophys 82 (1):70-7.

Ellman, G. L., K. D. Courtney, V. Andres, Jr., and R. M. Feather-Stone. 1961. "A new and rapid
colorimetric determination of acetylcholinesterase activity." Biochem Pharmacol 7
(2):88-95.

Falugi, C. 1993. "Localization and possible role of molecules associated with the cholinergic
system during” non-nervous” developmental events." European journal of
histochemistry: EJH 37 (4):287-94.

Falugi, C., and M. G. Aluigi. 2012. "Early appearance and possible functions of non-
neuromuscular cholinesterase activities." Front Mol Neurosci 5:54.

Faro, Lilian Rosana. 2010. "Neurotoxic effects of triazole fungicides on nigrostriatal
dopaminergic neurotransmission.” In Fungicides. InTech.

Felix, L. M., L. M. Antunes, and A. M. Coimbra. 2014. "Ketamine NMDA receptor-independent
toxicity during zebrafish (Danio rerio) embryonic development.” Neurotoxicol Teratol
41:27-34.

Felix, L. M., C. Serafim, M. J. Martins, A. M. Valentim, L. M. Antunes, M. Matos, and A. M.
Coimbra. 2017. "Morphological and behavioral responses of zebrafish after 24h of
ketamine embryonic exposure." Toxicol Appl Pharmacol 321:27-36.

Ferrer, A. 2003. Pesticide poisoning. Paper presented at the Anales del sistema sanitario de
Navarra.

Finney, David John. 1971. Probit Analysis: 3d Ed: Cambridge University Press.

Forman, H. J., H. Zhang, and A. Rinna. 2009. "Glutathione: overview of its protective roles,
measurement, and biosynthesis." Mol Aspects Med 30 (1-2):1-12.

Fraysse, B., R. Mons, and J. Garric. 2006. "Development of a zebrafish 4-day embryo-larval
bioassay to assess toxicity of chemicals." Ecotoxicol Environ Saf 63 (2):253-67.
Gagnon, M. Monique, and Christopher A. Rawson. 2017. "Bioindicator species for EROD
activity measurements: A review with Australian fish as a case study." Ecological

indicators 73:166-80.

Ganesan, S., N. Anaimalai Thirumurthi, A. Raghunath, S. Vijayakumar, and E. Perumal. 2016.
"Acute and sub-lethal exposure to copper oxide nanoparticles causes oxidative stress and
teratogenicity in zebrafish embryos." J Appl Toxicol 36 (4):554-67.

Gao, A. H., Y. Y. Fu, K. Z. Zhang, M. Zhang, H. W. Jiang, L. X. Fan, F. J. Nan, et al., 2014.
"Azoxystrobin, a mitochondrial complex I11 Qo site inhibitor, exerts beneficial metabolic
effects in vivo and in vitro." Biochim Biophys Acta 1840 (7):2212-21.

Garanzini, D. S., and M. L. Menone. 2015. "Azoxystrobin causes oxidative stress and DNA
damage in the aquatic macrophyte Myriophyllum quitense." Bull Environ Contam
Toxicol 94 (2):146-51.

Garcia, L. M., B. Castro, R. Ribeiro, and L. Guilhermino. 2000. "Characterization of
cholinesterase from guppy (Poecilia reticulata) muscle and its in vitro inhibition by
environmental contaminants." Biomarkers 5 (4):274-84.

Gartaganis, S. P., N. E. Patsoukis, D. K. Nikolopoulos, and C. D. Georgiou. 2007. "Evidence for
oxidative stress in lens epithelial cells in pseudoexfoliation syndrome." Eye 21 (11):1406-
11.

Gillis, R. 1995. "Sympathetic nervous system mediated cardiovascular effects of cocaine are
primarily due to a peripheral site of action of the drug.” Drug and alcohol dependence 37
(3):217-30.

Girardi, F. A., G. E. Bruch, C. S. Peixoto, L. Dal Bosco, S. K. Sahoo, C. O. Goncalves, A. P.
Santos, C. A. Furtado, C. Fantini, and D. M. Barros. 2017. "Toxicity of single-wall carbon
nanotubes functionalized with polyethylene glycol in zebrafish (Danio rerio) embryos."
J Appl Toxicol 37 (2):214-21.

Goldoni, A, and L. B. da Silva. 2012. "Mutagenic Potential of the Fungicide Mancozeb in
Astyanax Jacuhiensis (Teleostei: Characidae)." Bioscience Journal 28 (2):297-301.

Goldstone, J. V., M. E. Jénsson, L. Behrendt, B. R. Woodin, M. J. Jenny, D. R. Nelson, and J. J.
Stegeman. 2009. "Cytochrome P450 1D1: A novel CYP1A-related gene that is not

145



XlI- References

transcriptionally activated by PCB126 or TCDD." Archives of Biochemistry and
Biophysics 482 (1-2):7-16.

Goody, M. F., M. W. Kelly, C. J. Reynolds, A. Khalil, B. D. Crawford, and C. A. Henry. 2012.
"NAD+ biosynthesis ameliorates a zebrafish model of muscular dystrophy.” PLoS Biol
10 (10):e1001409.

Gopi, RA, TN Sathya, A Goparaju, and P Balakrishna Murthy. 2012. "Endocrine Disrupting
Effect of Fenvalerate 20% EC and Mancozeb 80% WP in adult Zebra fish (Danio rerio)
using Vitellogenin as a Biomarker." Bul etin of Environment, Pharmacology and Life
Sciences 1 (6):66-72.

Guidelines, OECD. 2013. "Test No. 236: Fish embryo acute toxicity (FET) test." (July):1-22.

Guiney, PD, MK Walker, and RE Peterson. 1990. The edema in TCDD-exposed lake trout sac
fry is an ultrafiltrate of blood. Paper presented at the Proceeding 11th Arumal Meeting
Society of Environmental Toxicology and Chemistry, Arlington VA, USA.

Gupta, Ramesh C., and Stephanie Padilla. 2014. "Biomarkers of toxicity in zebrafish (Chapter
5)." In biomarkers in toxicology, 717-28. USA: Academic Press is an imprint of Elsevier.

Gutteridge, J. M. C. 1995. "Lipid-Peroxidation and Antioxidants as Biomarkers of Tissue-
Damage." Clinical Chemistry 41 (12b):1819-28.

Habig, W. H., M. J. Pabst, G. Fleischner, Z. Gatmaitan, I. M. Arias, and W. B. Jakoby. 1974.
"The identity of glutathione S-transferase B with ligandin, a major binding protein of
liver." Proc Natl Acad Sci U S A 71 (10):3879-82.

Habig, William H, and William B Jakoby. 1981. "[51] Assays for differentiation of glutathione
S-Transferases." In Methods in Enzymology, 398-405. Elsevier.

Haendel, M. A., F. Tilton, G. S. Bailey, and R. L. Tanguay. 2004. "Developmental toxicity of the
dithiocarbamate pesticide sodium metam in zebrafish.” Toxicol Sci 81 (2):390-400.

Hagenmaier, Hans E. 1974. "The hatching process in fish embryos—IV. The enzymological
properties of a highly purified enzyme (chorionase) from the hatching fluid of the rainbow
trout, Salmo gairdneri Rich." Comparative Biochemistry and Physiology Part B:
Comparative Biochemistry 49 (2):313-24.

Hallare, A. V., H. R. Kohler, and R. Triebskorn. 2004. "Developmental toxicity and stress protein
responses in zebrafish embryos after exposure to diclofenac and its solvent, DMSO."
Chemosphere 56 (7):659-66.

Han, Y., T. Liu, J. Wang, J. Wang, C. Zhang, and L. Zhu. 2016. "Genotoxicity and oxidative
stress induced by the fungicide azoxystrobin in zebrafish (Danio rerio) livers." Pestic
Biochem Physiol 133:13-9.

Hansen, J. M. 2006. "Oxidative stress as a mechanism of teratogenesis.”" Birth Defects Res C
Embryo Today 78 (4):293-307.

Hatfield, M. J., R. A. Umans, J. L. Hyatt, C. C. Edwards, M. Wierdl, L. Tsurkan, M. R. Taylor,
and P. M. Potter. 2016. "Carboxylesterases: General detoxifying enzymes.” Chem Biol
Interact 259 (Pt B):327-31.

Hayes, Wayland J, and Edward R Laws. 1991. "Handbook of pesticide toxicology." In Handbook
of pesticide toxicology. Academic Press.

Hayward, F. W., and William Grierson. 1960. "Fungicide Residues, Effect of Treatment
Conditions on O-Phenylphenol Residues in Oranges." Journal of Agricultural and Food
Chemistry 8 (4):308-10.

Herrero-Hernandez, E., M. S. Andrades, J. M. Marin-Benito, M. J. Sanchez-Martin, and M. S.
Rodriguez-Cruz. 2011. "Field-scale dissipation of tebuconazole in a vineyard soil
amended with spent mushroom substrate and its potential environmental impact.”
Ecotoxicol Environ Saf 74 (6):1480-8.

Herring, Neil, Edward J. F. Danson, and David J. Paterson. 2002. "Cholinergic Control of Heart
Rate by Nitric Oxide is Site Specific.”" Physiology 17 (5):202-6.

Hill, A.J., S. M. Bello, A. L. Prasch, R. E. Peterson, and W. Heideman. 2004. "Water permeability
and TCDD-induced edema in zebrafish early-life stages.” Toxicol Sci 78 (1):78-87.

Ho, R. K., and D. A. Kane. 1990. "Cell-autonomous action of zebrafish spt-1 mutation in specific
mesodermal precursors.” Nature 348 (6303):728-30.

146



XlI- References

Hoffman, L., and D. Hardej. 2012. "Ethylene bisdithiocarbamate pesticides cause cytotoxicity in
transformed and normal human colon cells." Environ Toxicol Pharmacol 34 (2):556-73.

Hosokawa, M., and T. Satoh. 2002. "Measurement of carboxylesterase (CES) activities." Curr
Protoc Toxicol Chapter 4:Unit4.7.

Hwang, E. S., J. N. Cash, and M. J. Zabik. 2003. "Determination of degradation products and
pathways of mancozeb and ethylenethiourea (ETU) in solutions due to ozone and chlorine
dioxide treatments." J Agric Food Chem 51 (5):1341-6.

Hyne, Ross V, and William A Maher. 2003. "Invertebrate biomarkers: links to toxicosis that
predict population decline." Ecotoxicol Environ Saf 54 (3):366-74.

Ighodaro, O. M., and O. A. Akinloye. 2017. "First line defence antioxidants-superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPX): Their fundamental role in the
entire antioxidant defence grid." Alexandria Journal of Medicine.

Ivanova-Chemishanska, L, DV Markov, and G Dashev. 1971. "Light and electron microscopic
observations on rat thyroid after administration of some dithiocarbamates."
Environmental research 4 (3):201-12.

Jafari, M. 2007. "Dose- and time-dependent effects of sulfur mustard on antioxidant system in
liver and brain of rat." Toxicology 231 (1):30-9.

Jancova, P., P. Anzenbacher, and E. Anzenbacherova. 2010. "Phase Il drug metabolizing
enzymes." Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub 154 (2):103-16.

Jayaratne, R, PC Wettasinghe, D Siriwardene, and D Peiris. 2001. "Systemic fungicides as a
drench application to control white root disease of rubber."” Journal of the Rubber
Research Institute of Sri Lanka 84:1-17.

Jia, W., L. Mao, L. Zhang, Y. Zhang, and H. Jiang. 2018. "Effects of two strobilurins
(azoxystrobin and picoxystrobin) on embryonic development and enzyme activities in
juveniles and adult fish livers of zebrafish (Danio rerio)." Chemosphere 207:573-80.

Jiang, H., and X. J. Zhang. 2008. "Acetylcholinesterase and apoptosis. A novel perspective for an
old enzyme." FEBS J 275 (4):612-7.

Jiang, J., Y. Shi, R. Yu, L. Chen, and X. Zhao. 2018. "Biological response of zebrafish after short-
term exposure to azoxystrobin." Chemosphere 202:56-64.

Jin, M., X. Zhang, L. Wang, C. Huang, Y. Zhang, and M. Zhao. 2009. "Developmental toxicity
of bifenthrin in embryo-larval stages of zebrafish." Aquat Toxicol 95 (4):347-54.

Jin, Y., Z. Zhu, Y. Wang, E. Yang, X. Feng, and Z. Fu. 2016. "The fungicide imazalil induces
developmental abnormalities and alters locomotor activity during early developmental
stages in zebrafish."” Chemosphere 153:455-61.

Joint, FAO. 2001. "Impact of long term pesticide usage on soil properties using radiotracer
techniques. Proceedings of a final research coordination meeting.” In.: Joint FAO/IAEA
Division of Nuclear Techniques in Food and Agriculture.

Kackar, R., M. K. Srivastava, and R. B. Raizada. 1999. "Assessment of toxicological effects of
mancozeb in male rats after chronic exposure." Indian J Exp Biol 37 (6):553-9.

Kalidindi, N., N. V. Thimmaiah, N. V. Jagadeesh, R. Nandeep, S. Swetha, and B. Kalidindi. 2015.
"Antifungal and antioxidant activities of organic and aqueous extracts of Annona
squamosa Linn. leaves." J Food Drug Anal 23 (4):795-802.

Kimmel, C. B., W. W. Ballard, S. R. Kimmel, B. Ullmann, and T. F. Schilling. 1995. "Stages of
embryonic development of the zebrafish.” Dev Dyn 203 (3):253-310.

Kirkhorn, S. R., and M. B. Schenker. 2002. "Current Health Effects of Agricultural Work:
Respiratory Disease, Cancer, Reproductive Effects, Musculoskeletal Injuries, and
Pesticided[1“Related Illnesses." Journal of Agricultural Safety and Health 8 (2):199-214.

Klotz, L. O., and H. Steinbrenner. 2017. "Cellular adaptation to xenobiotics: Interplay between
Xenosensors, reactive oxygen species and FOXO transcription factors.” Redox Biol
13:646-54.

Knipling, E. F. 1965. "Pest Control: Biological Methods, Specific Chemical Methods." Scientist
and Citizen 7 (8):1-8.

Konwick, B. J., A. W. Garrison, J. K. Avants, and A. T. Fisk. 2006. "Bioaccumulation and
biotransformation of chiral triazole fungicides in rainbow trout (Oncorhynchus mykiss)."
Aquat Toxicol 80 (4):372-81.

147



XlI- References

Korsak, R. J., and M. M. Sato. 1977. "Effects of chronic organophosphate pesticide exposure on
the central nervous system." Clin Toxicol 11 (1):83-95.

Kunz, J. L., C. G. Ingersoll, K. L. Smalling, A. A. Elskus, and K. M. Kuivila. 2017. "Chronic
toxicity of azoxystrobin to freshwater amphipods, midges, cladocerans, and mussels in
water-only exposures." Environ Toxicol Chem 36 (9):2308-15.

Kuster, E. 2005. "Cholin- and carboxylesterase activities in developing zebrafish embryos (Danio
rerio) and their potential use for insecticide hazard assessment.” Aquat Toxicol 75 (1):76-
85.

Kuster, E., and R. Altenburger. 2006. "Comparison of cholin- and carboxylesterase enzyme
inhibition and visible effects in the zebra fish embryo bioassay under short-term
paraoxon-methyl exposure.” Biomarkers 11 (4):341-54.

Laguerre, C., J. C. Sanchez-Hernandez, H. R. Kohler, R. Triebskorn, Y. Capowiez, M. Rault, and
C. Mazzia. 2009. "B-type esterases in the snail Xeropicta derbentina: an enzymological
analysis to evaluate their use as biomarkers of pesticide exposure." Environ Pollut 157
(1):199-207.

Lammer, E., G. J. Carr, K. Wendler, J. M. Rawlings, S. E. Belanger, and T. Braunbeck. 2009. "Is
the fish embryo toxicity test (FET) with the zebrafish (Danio rerio) a potential alternative
for the fish acute toxicity test?". Comp Biochem Physiol C Toxicol Pharmacol 149
(2):196-2009.

Lawson, Nathan D., and Brant M. Weinstein. 2002. "In Vivo Imaging of embryonic vascular
development using transgenic zebrafish." Developmental biology 248 (2):307-18.

Lele, Z., and P. H. Krone. 1996. "The zebrafish as a model system in developmental, toxicological
and transgenic research." Biotechnology advances 14 (1):57-72.

Lewis, S., R. D. Handy, B. Cordi, Z. Billinghurst, and M. H. Depledge. 1999. "Stress proteins
(HSP's): Methods of detection and their use as an environmental biomarker.”
Ecotoxicology 8 (5):351-68.

Li, D., C. Lu, J. Wang, W. Hu, Z. Cao, D. Sun, H. Xia, and X. Ma. 2009. "Developmental
mechanisms of arsenite toxicity in zebrafish (Danio rerio) embryos." Aquat Toxicol 91
(3):229-37.

Li, Y., F. Dong, X. Liu, J. Xu, Y. Han, and Y. Zheng. 2015. "Enantioselectivity in tebuconazole
and myclobutanil non-target toxicity and degradation in soils." Chemosphere 122:145-
53.

Lieschke, G. J., and P. D. Currie. 2007. "Animal models of human disease: zebrafish swim into
view." Nat Rev Genet 8 (5):353-67.

Lin, C. C., M. N. Hui, and S. H. Cheng. 2007. "Toxicity and cardiac effects of carbaryl in early
developing zebrafish (Danio rerio) embryos." Toxicol Appl Pharmacol 222 (2):159-68.

Lionetto, MG, R Caricato, ME Giordano, and T Schettino. 2005. "Acetylcholinesterase as
biomarker in environmental biomonitoring.” Biomedical and health research-
commission of the european communities then ios press 63:91.

Liu, N., F. Dong, J. Xu, X. Liu, and Y. Zheng. 2016. "Chiral bioaccumulation behavior of
tebuconazole in the zebrafish (Danio rerio)." Ecotoxicol Environ Saf 126:78-84.

Liu, Shaoying, Xihui Huang, Huali He, Quan Jin, and Guonian Zhu. 2016. "Evaluation of selected
plant growth regulators and fungicide residues in fruits for dietary risk assessment."
Human and Ecological Risk Assessment: An International Journal 22 (6):1386-95.

Liu, W., Q. Qiao, Y. Chen, K. Wu, and X. Zhang. 2014. "Microcystin-LR exposure to adult
zebrafish (Danio rerio) leads to growth inhibition and immune dysfunction in F1
offspring, a parental transmission effect of toxicity." Aquat Toxicol 155:360-7.

Lobo, V., A. Patil, A. Phatak, and N. Chandra. 2010. "Free radicals, antioxidants and functional
foods: Impact on human health." Pharmacogn Rev 4 (8):118-26.

Lohr, H., and M. Hammerschmidt. 2011. "Zebrafish in endocrine systems: recent advances and
implications for human disease.” Annu Rev Physiol 73 (1):183-211.

Lopez-Fernandez, O., R. Yanez, R. Rial-Otero, and J. Simal-Gandara. 2016. "Kinetic modelling
of mancozeb hydrolysis and photolysis to ethylenethiourea and other by-products in
water." Water Res 102:561-71.

Lu, S. C. 2009. "Regulation of glutathione synthesis.” Mol Aspects Med 30 (1-2):42-59.

148



XlI- References

Marques, A., A. Rego, S. Guilherme, I. Gaivao, M. A. Santos, and M. Pacheco. 2016. "Evidences
of DNA and chromosomal damage induced by the mancozeb-based fungicide
Mancozan((R)) in fish (Anguilla anguilla L.)." Pestic Biochem Physiol 133:52-8.

Massarsky, Andrey, Jordan S. Kozal, and Richard T. Di Giulio. 2017. "Glutathione and zebrafish:
Old assays to address a current issue." Chemosphere 168:707-15.

Massion, P. B., O. Feron, C. Dessy, and J. L. Balligand. 2003. "Nitric oxide and cardiac function:
ten years after, and continuing.” Circ Res 93 (5):388-98.

Mastovska, Dr. Katerina. 2008. "Azoxystrobin." Agricultural Research Service, United States
Department of Agriculture Wyndmoor- P. A. (229).

McCluskey, B. M., and J. H. Postlethwait. 2015. "Phylogeny of zebrafish, a "model species,"
within Danio, a "model genus"." Mol Biol Evol 32 (3):635-52.

McKeown, K. A., G. B. Downes, and L. D. Hutson. 2009. "Modular laboratory exercises to
analyze the development of zebrafish motor behavior." Zebrafish 6 (2):179-85.

Medeiros, Fernando C. M. de, Fernando N. Gouveia, Humberto R. Bizzo, Roberto F. Vieira, and
Claudio H. S. Del Menezzi. 2016. "Fungicidal activity of essential oils from Brazilian
Cerrado species against wood decay fungi." International Biodeterioration &
Biodegradation 114:87-93.

Meganathan, K., I. Sotiriadou, K. Natarajan, J. Hescheler, and A. Sachinidis. 2015. "Signaling
molecules, transcription growth factors and other regulators revealed from in-vivo and
in-vitro models for the regulation of cardiac development.” Int J Cardiol 183:117-28.

Melo, Joana Barbosa, Paula Agostinho, and Catarina Resende Oliveira. 2003. "Involvement of
oxidative stress in the enhancement of acetylcholinesterase activity induced by amyloid
beta-peptide." Neuroscience Research 45 (1):117-27.

Mersereau, E. J., S. L. Poitra, A. Espinoza, D. A. Crossley, 2nd, and T. Darland. 2015. "The
effects of cocaine on heart rate and electrocardiogram in zebrafish (Danio rerio)." Comp
Biochem Physiol C Toxicol Pharmacol 172-173:1-6.

Morgado, R. G., P. A. Gomes, N. G. Ferreira, D. N. Cardoso, M. J. Santos, A. M. Soares, and S.
Loureiro. 2016. "Toxicity interaction between chlorpyrifos, mancozeb and soil moisture
to the terrestrial isopod Porcellionides pruinosus.” Chemosphere 144:1845-53.

Morry, J., W. Ngamcherdtrakul, and W. Yantasee. 2017. "Oxidative stress in cancer and fibrosis:
Opportunity for therapeutic intervention with antioxidant compounds, enzymes, and
nanoparticles.” Redox Biol 11:240-53.

Mu, X., T. Chai, K. Wang, L. Zhu, Y. Huang, G. Shen, Y. Li, X. Li, and C. Wang. 2016. "The
developmental effect of difenoconazole on zebrafish embryos: A mechanism research."
Environ Pollut 212:18-26.

Mu, X., S. Pang, X. Sun, J. Gao, J. Chen, X. Chen, X. Li, and C. Wang. 2013. "Evaluation of
acute and developmental effects of difenoconazole via multiple stage zebrafish assays."
Environ Pollut 175:147-57.

Muntean, B. S., C. M. Horvat, J. H. Behler, W. A. Aboualaiwi, A. M. Nauli, F. E. Williams, and
S. M. Nauli. 2010. "A Comparative Study of Embedded and Anesthetized Zebrafish in
vivo on Myocardiac Calcium Oscillation and Heart Muscle Contraction." Front
Pharmacol 1 (139):139.

NATIONS, Food and agriculture organization of the United Nations. 1986. "International code
of conduct on the distribution and use of pesticides.” In Rome, FAQO.

Nebbia, C., and J. Fink-Gremmels. 1996. "Acute effects of low doses of zineb and
ethylenethiourea on thyroid function in the male rat." Bull Environ Contam Toxicol 56
(5):847-52.

Nzengue, Y., S. M. Candeias, S. Sauvaigo, T. Douki, A. Favier, W. Rachidi, and P. Guiraud.
2011. "The toxicity redox mechanisms of cadmium alone or together with copper and
zinc homeostasis alteration: its redox biomarkers." J Trace Elem Med Biol 25 (3):171-80.

O'Malley, B. W., C. E. Mengel, W. D. Meriwether, and L. G. Zirkle, Jr. 1966. "Inhibition of
erythrocyte acetylcholinesterase by peroxides.” Biochemistry 5 (1):40-4.

Olsen, Tony, Lucy Ellerbeck, Tom Fisher, Amanda Callaghan, and Mark Crane. 2001.
"Variability in acetylcholinesterase and glutathione S-transferase activities in

149



XlI- References

Chironomus riparius meigen deployed in situ at uncontaminated field sites.”
Environmental Toxicology and Chemistry: An International Journal 20 (8):1725-32.

Osellame, L. D., T. S. Blacker, and M. R. Duchen. 2012. "Cellular and molecular mechanisms of
mitochondrial function.” Best Pract Res Clin Endocrinol Metab 26 (6):711-23.

Osterauer, R., and H. R. Kohler. 2008. "Temperature-dependent effects of the pesticides
thiacloprid and diazinon on the embryonic development of zebrafish (Danio rerio)."
Aquat Toxicol 86 (4):485-94.

Padilha, Itdcio Q. M., Andréia V. Pereira, Onaldo G. Rodrigues, José P. Siqueira-Junior, and
Maria do Socorro V. Pereira. 2010. "Antimicrobial activity of Mimosa tenuiflora (Willd.)
Poir. from Northeast Brazil against clinical isolates of Staphylococcus aureus." Revista
Brasileira de Farmacognosia 20 (1):45-7.

Pagnon-Minot, A., M. Malbouyres, Z. Haftek-Terreau, H. R. Kim, T. Sasaki, C. Thisse, B. Thisse,
P. W. Ingham, F. Ruggiero, and D. Le Guellec. 2008. "Collagen XV, a novel factor in
zebrafish notochord differentiation and muscle development.” Dev Biol 316 (1):21-35.

Papiya, Sinha, and RD Kanamadi. 2000. "Effect of mercurial fungicide Emisan®-6 on the
embryonic developmental stages of zebrafish, Brachydanio (Danio) rerio." Journal of
Advanced Zoology 21 (1):12-8.

Paro, R., G. M. Tiboni, R. Buccione, G. Rossi, V. Cellini, R. Canipari, and S. Cecconi. 2012.
"The fungicide mancozeb induces toxic effects on mammalian granulosa cells." Toxicol
Appl Pharmacol 260 (2):155-61.

Patrinostro, X., M. L. Carter, A. C. Kramer, and T. C. Lund. 2013. "A model of glucose-6-
phosphate dehydrogenase deficiency in the zebrafish." Exp Hematol 41 (8):697-710 e2.

Peterson, R. T., and C. A. Macrae. 2012. "Systematic approaches to toxicology in the zebrafish."
Annu Rev Pharmacol Toxicol 52 (1):433-53.

Piano, A., P. Valbonesi, and E. Fabbri. 2004. "Expression of cytoprotective proteins, heat shock
protein 70 and metallothioneins, in tissues of Ostrea edulis exposed to heat and heavy
metals.” Cell Stress Chaperones 9 (2):134-42.

Pietri, T., E. Manalo, J. Ryan, L. Saint-Amant, and P. Washbourne. 2009. "Glutamate drives the
touch response through a rostral loop in the spinal cord of zebrafish embryos." Dev
Neurobiol 69 (12):780-95.

Postlethwait, J., A. Amores, W. Cresko, A. Singer, and Y. L. Yan. 2004. "Subfunction
partitioning, the teleost radiation and the annotation of the human genome."” Trends Genet
20 (10):481-90.

Prasai, P. K., B. Shrestha, A. W. Orr, and C. B. Pattillo. 2018. "Decreases in GSH:GSSG activate
vascular endothelial growth factor receptor 2 (VEGFR2) in human aortic endothelial
cells.” Redox Biol 19:22-7.

Pratissoli, Dirceu, André M Milanez, Wagner F Barbosa, Flavio N Celestino, Gilberto S Andrade,
and Ricardo A Polanczyk. 2010. "Side effects of fungicides used in cucurbitaceous crop
on Trichogramma atopovirilia Oatman & Platner (Hymenoptera: Trichogramatidae)."
Chilean Journal of Agricultural Research 70 (2):323-7.

Punja, Zamir K. 2001. "Genetic engineering of plants to enhance resistance to fungal pathogens—
a review of progress and future prospects.” Canadian Journal of Plant Pathology 23
(3):216-35.

Puymirat, Jack, Pierre Etongue-Mayer, and Jean H Dussault. 1995. "Thyroid hormones stabilize
acetylcholinesterase MRNA in neuro-2A cells that overexpress the 1 thyroid receptor.”
Journal of Biological Chemistry 270 (51):30651-6.

Qi, S., X. Liu, L. Zhu, X. Chen, and C. Wang. 2018. "Racemic, R-, and S-tebuconazole altered
chitinase and chitobiase activity of Daphnia magna.” J Environ Sci Health B 53 (3):171-
5.

Radi, A. A., and B. Matkovics. 1988. "Effects of metal ions on the antioxidant enzyme activities,
protein contents and lipid peroxidation of carp tissues.” Comp Biochem Physiol C 90
(1):69-72.

Radulovic, N., G. Stojanovic, and R. Palic. 2006. "Composition and antimicrobial activity of
Equisetum arvense L. essential oil." Phytother Res 20 (1):85-8.

150



XlI- References

Raizada, R. B., K. K. Datta, and T. S. Dikshith. 1979. "Effect of zineb on male rats.”" Bull Environ
Contam Toxicol 22 (1-2):208-13.

Rajeswary, S., B. Kumaran, R. llangovan, S. Yuvaraj, M. Sridhar, P. Venkataraman, N.
Srinivasan, and M. M. Aruldhas. 2007. "Modulation of antioxidant defense system by the
environmental fungicide carbendazim in Leydig cells of rats." Reprod Toxicol 24 (3-
4):371-80.

Ribes, Susana, Maria Ruiz-Rico, Edgar Pérez-Esteve, Ana Fuentes, Pau Talens, Ramén Martinez-
Mafiez, and José M. Barat. 2017. "Eugenol and thymol immobilised on mesoporous
silica-based material as an innovative antifungal system: Application in strawberry jam."
Food Control 81:181-8.

Rodrigues, E. T., I. Lopes, and M. A. Pardal. 2013. "Occurrence, fate and effects of azoxystrobin
in aquatic ecosystems: a review." Environ Int 53:18-28.

Rodriguez-Fuentes, G., F. J. Rubio-Escalante, E. Norena-Barroso, K. S. Escalante-Herrera, and
D. Schlenk. 2015. "Impacts of oxidative stress on acetylcholinesterase transcription, and
activity in embryos of zebrafish (Danio rerio) following Chlorpyrifos exposure.” Comp
Biochem Physiol C Toxicol Pharmacol 172-173:19-25.

Romeh, A. A. A. 2017. "Phytoremediation of azoxystrobin and its degradation products in soil
by P. major L. under cold and salinity stress." Pestic Biochem Physiol 142:21-31.
Rosenstock, L., M. Keifer, W. E. Daniell, R. McConnell, and K. Claypoole. 1991. "Chronic
central nervous system effects of acute organophosphate pesticide intoxication. The

Pesticide Health Effects Study Group." Lancet 338 (8761):223-7.

Rosenthal, H, and DF Alderdice. 1976. "Sublethal effects of environmental stressors, natural and
pollutional, on marine fish eggs and larvae." J. Fish. Res. Board Can. 33 (9):2047-65.

Runkle, J., J. Flocks, J. Economos, and A. L. Dunlop. 2017. "A systematic review of Mancozeb
as a reproductive and developmental hazard." Environ Int 99:29-42.

Russell, W. M. S., R. L. Burch, and C. W. Hume. 1959. "The principles of humane experimental
technique.”

Saeidnia, S., A. Manayi, and M. Abdollahi. 2015. "From in vitro Experiments to in vivo and
Clinical Studies; Pros and Cons." Curr Drug Discov Technol 12 (4):218-24.

Saint-Amant, L., and P. Drapeau. 1998. "Time course of the development of motor behaviors in
the zebrafish embryo." J Neurobiol 37 (4):622-32.

Sakka Rouis-Soussi, Lamia, Naima Boughelleb-M'Hamdi, Asma El Ayeb-Zakhama, Guido
Flamini, Hichem Ben Jannet, and Fethia Harzallah-Skhiri. 2014. "Phytochemicals,
antioxidant and antifungal activities of Allium roseum var. grandiflorum subvar. typicum
Regel." South African Journal of Botany 91:63-70.

Sancho, E., M. J. Villarroel, C. Fernandez, E. Andreu, and M. D. Ferrando. 2010. "Short-term
exposure to sublethal tebuconazole induces physiological impairment in male zebrafish
(Danio rerio)." Ecotoxicol Environ Saf 73 (3):370-6.

Sancho, E., M. J. Villarroel, and M. D. Ferrando. 2016. "Assessment of chronic effects of
tebuconazole on survival, reproduction and growth of Daphnia magna after different
exposure times." Ecotoxicol Environ Saf 124:10-7.

Santo, G. D., A. Grotto, A. A. Boligon, B. Da Costa, C. L. Rambo, E. A. Fantini, E. Sauer, et al.,
2018. "Protective effect of Uncaria tomentosa extract against oxidative stress and
genotoxicity induced by glyphosate-Roundup(R) using zebrafish (Danio rerio) as a
model." Environ Sci Pollut Res Int 25 (12):11703-15.

Santoriello, C., and L. I. Zon. 2012. "Hooked! Modeling human disease in zebrafish.” J Clin
Invest 122 (7):2337-43.

Santos, D., M. Matos, and A. M. Coimbra. 2014. "Developmental toxicity of endocrine disruptors
in early life stages of zebrafish, a genetic and embryogenesis study.” Neurotoxicol Teratol
46:18-25.

Santos, P. M., T. Simoes, and I. Sa-Correia. 2009. "Insights into yeast adaptive response to the
agricultural fungicide mancozeb: a toxicoproteomics approach.” Proteomics 9 (3):657-
70.

151



XlI- References

Sayeed, I., S. Parvez, S. Pandey, B. Bin-Hafeez, R. Haque, and S. Raisuddin. 2003. "Oxidative
stress biomarkers of exposure to deltamethrin in freshwater fish, Channa punctatus
Bloch." Ecotoxicol Environ Saf 56 (2):295-301.

Sayre, L. M., G. Perry, and M. A. Smith. 2008. "Oxidative stress and neurotoxicity." Chem Res
Toxicol 21 (1):172-88.

Sherna, G., J. Saez-Valero, K. Beyreuther, C. L. Masters, and D. H. Small. 1997. "The amyloid
beta-protein of Alzheimer's disease increases acetylcholinesterase expression by
increasing intracellular calcium in embryonal carcinoma P19 cells." J Neurochem 69
(3):1177-84.

Schafer, Freya Q., and Garry R. Buettner. 2001. "Redox environment of the cell as viewed through
the redox state of the glutathione disulfide/glutathione couple.” Free Radical Biology and
Medicine 30 (11):1191-212.

Schieber, M., and N. S. Chandel. 2014. "ROS function in redox signaling and oxidative stress."
Curr Biol 24 (10):R453-62.

Scholz, S., S. Fischer, U. Gundel, E. Kuster, T. Luckenbach, and D. VVoelker. 2008. "The zebrafish
embryo model in environmental risk assessment--applications beyond acute toxicity
testing." Environ Sci Pollut Res Int 15 (5):394-404.

Senft, A. P., T. P. Dalton, and H. G. Shertzer. 2000. "Determining glutathione and glutathione
disulfide using the fluorescence probe o-phthalaldehyde." Anal Biochem 280 (1):80-6.

Shabana, Yasser M., Mohamed E. Abdalla, Atef A. Shahin, Mohammed M. EI-Sawy, lbrahim S.
Draz, and Ahmed W. Youssif. 2017. "Efficacy of plant extracts in controlling wheat leaf
rust disease caused by Puccinia triticina." Egyptian Journal of Basic and Applied Sciences
4 (1):67-73.

Sharifzadeh, A., A. R. Khosravi, H. Shokri, and H. Shirzadi. 2018. "Potential effect of 2-
isopropyl-5-methylphenol (thymol) alone and in combination with fluconazole against
clinical isolates of Candida albicans, C. glabrata and C. krusei." J Mycol Med 28 (2):294-
9.

Shi, D. Y., F. Z. Xie, C. Zhai, J. S. Stern, Y. Liu, and S. L. Liu. 2009. "The role of cellular
oxidative stress in regulating glycolysis energy metabolism in hepatoma cells." Mol
Cancer 8 (1):32.

Smalling, Kelly L, and James L Orlando. 2011. Occurrence of pesticides in surface water and
sediments from three Central California coastal watersheds, 2008-09: US Geological
Survey.

Soreq, Hermona, and Shlomo Seidman. 2001. "Acetylcholinesterase—new roles for an old actor."
Nature Reviews Neuroscience 2 (4):294.

Spalkova, M, K Befiové4, and M Falis. 2012. "Evaluation of the influence of low doses of ionizing
radiation and azoxystrobin on Artemia franciscana.”" University of Veterinary Medicine
and Pharmacy in Kosice.

Spence, R., G. Gerlach, C. Lawrence, and C. Smith. 2008. "The behaviour and ecology of the
zebrafish, Danio rerio." Biol Rev Camb Philos Soc 83 (1):13-34.

Spitsbergen, J. M., and M. L. Kent. 2003. "The state of the art of the zebrafish model for
toxicology and toxicologic pathology research--advantages and current limitations."
Toxicol Pathol 31 Suppl (1):62-87.

Srain, Benjamin, and Anny Rudolph. 2010. "Acetylcholinesterase activity, antioxidant defenses,
and lipid peroxidation in the clam Semele solida: Can this species be used as a
bioindicator?". Revista de Biologia Marina y Oceanografia 45 (2).

Srivastava, Pallavi, Ajay Singh, and AK Pandey. 2016. "Pesticides toxicity in fidhes: biochemical,
phydiological and genetoxic aspects.” Biochemical and cellular archves 16 (2):199-218.

Stahl, F. W. 1985. "George Streisinger (December 27, 1927-August 11, 1984)." Genetics 109
(2):1-2.

Stemple, D. L. 2005. "Structure and function of the notochord: an essential organ for chordate
development.” Development 132 (11):2503-12.

Stewart, A. M., O. Braubach, J. Spitsbergen, R. Gerlai, and A. V. Kalueff. 2014. "Zebrafish
models for translational neuroscience research: from tank to bedside." Trends Neurosci
37 (5):264-78.

152



XlI- References

Strahle, U., S. Scholz, R. Geisler, P. Greiner, H. Hollert, S. Rastegar, A. Schumacher, et al., 2012.
"Zebrafish embryos as an alternative to animal experiments--a commentary on the
definition of the onset of protected life stages in animal welfare regulations.” Reprod
Toxicol 33 (2):128-32.

Strecker, R., S. Weigt, and T. Braunbeck. 2013. "Cartilage and bone malformations in the head
of zebrafish (Danio rerio) embryos following exposure to disulfiram and acetic acid
hydrazide." Toxicol Appl Pharmacol 268 (2):221-31.

Sumanas, Saulius, and Shuo Lin. 2004. "Zebrafish as a model system for drug target screening
and validation." Drug Discovery Today: TARGETS 3 (3):89-96.

Suzuki, Tohru, Anand Shanker Srivastava, and Tadahide Kurokawa. 2000. "Experimental
induction of jaw, gill and pectoral fin malformations in Japanese flounder, Paralichthys
olivaceus, larvae." Aquaculture 185 (1-2):175-87.

Tabti, L., A. Dib Mel, N. Gaouar, B. Samira, and B. Tabti. 2014. "Antioxidant and Antifungal
Activity of Extracts of the Aerial Parts of Thymus capitatus (L.) Hoffmanns Against Four
Phytopathogenic Fungi of Citrus sinensis.” Jundishapur J Nat Pharm Prod 9 (1):49-54.

Tarkhani, Reza, Aliakbar Hedayati, Tahere Bagheri, Ahmad Shadi, and Mohsen Khalili. 2012.
Investigation of LC50, NOEC and LOEC of Zebra fish (Danio rerio) in response to
common agricultural pesticides in Golestan province, Iran. Vol. 1.

Tella, S. R., C. W. Schindler, and S. R. Goldberg. 1990. "The role of central and autonomic neural
mechanisms in the cardiovascular effects of cocaine in conscious squirrel monkeys." J
Pharmacol Exp Ther 252 (2):491-9.

Teraoka, Hiroki, Wu Dong, and Takeo Hiraga. 2003. "Zebrafish as a novel experimental model
for developmental toxicology." Congenital anomalies 43 (2):123-32.

Thienpont, Benedicte, Angéle Tingaud-Sequeira, Eva Prats, Carlos Barata, Patrick J Babin, and
Demetrio Raldua. 2011. "Zebrafish eleutheroembryos provide a suitable vertebrate model
for screening chemicals that impair thyroid hormone synthesis." Environmental science
& technology 45 (17):7525-32.

Thomidis, T., and A. Filotheou. 2016. "Evaluation of five essential oils as bio-fungicides on the
control of Pilidiella granati rot in pomegranate.” Crop Protection 89:66-71.

Tilton, F., J. K. La Du, M. Vue, N. Alzarban, and R. L. Tanguay. 2006. "Dithiocarbamates have
a common toxic effect on zebrafish body axis formation." Toxicol Appl Pharmacol 216
(1):55-68.

Timme-Laragy, A. R., J. V. Goldstone, B. R. Imhoff, J. J. Stegeman, M. E. Hahn, and J. M.
Hansen. 2013. "Glutathione redox dynamics and expression of glutathione-related genes
in the developing embryo." Free Radic Biol Med 65:89-101.

Tripathi, Pramila, and N. K. Dubey. 2004. "Exploitation of natural products as an alternative
strategy to control postharvest fungal rotting of fruit and vegetables." Postharvest Biology
and Technology 32 (3):235-45.

Trivedi, N., R. Kakkar, M. K. Srivastava, A. Mithal, and R. B. Raizada. 1993. "Effect of oral
administration of fungicide-mancozeb on thyroid gland of rat." Indian J Exp Biol 31
(6):564-6.

Tu, W., L. Niu, W. Liu, and C. Xu. 2013. "Embryonic exposure to butachlor in zebrafish (Danio
rerio): endocrine disruption, developmental toxicity and immunotoxicity." Ecotoxicol
Environ Saf 89:189-95.

Turrens, J. F. 2003. "Mitochondrial formation of reactive oxygen species." J Physiol 552 (Pt
2):335-44.

Turusov, V., V. Rakitsky, and L. Tomatis. 2002. "Dichlorodiphenyltrichloroethane (DDT):
ubiquity, persistence, and risks." Environ Health Perspect 110 (2):125-8.

van den Berg, H. 2009. "Global status of DDT and its alternatives for use in vector control to
prevent disease.” Environ Health Perspect 117 (11):1656-63.

Van Leeuwen, CJ, A Espeldoorn, and F Mol. 1986. "Aquatic toxicological aspects of
dithiocarbamates and related compounds. I1l. Embryolarval studies with rainbow trout
(Salmo gairdneri)." Aquatic toxicology 9 (2-3):129-45.

Varga, Zoltdn M. 2011. "Aquaculture and husbandry at the zebrafish international resource
center.” In Methods in cell biology, 453-78. Elsevier.

153



XlI- References

Verbueken, E., D. Alsop, M. A. Saad, C. Pype, E. M. Van Peer, C. R. Casteleyn, C. J. Van
Ginneken, J. Wilson, and S. J. Van Cruchten. 2017. "In vitro biotransformation of two
human CYP3A probe substrates and their inhibition during early zebrafish development.”
Int J Mol Sci 18 (1):217.

Walia, A., P. Mehta, S. Guleria, A. Chauhan, and C. K. Shirkot. 2014. "Impact of fungicide
mancozeb at different application rates on soil microbial populations, soil biological
processes, and enzyme activities in soil." ScientificWorldJournal 2014:702909.

Wang, Y., D. Dai, Y. Yu, G. Yang, W. Shen, Q. Wang, H. Weng, and X. Zhao. 2018. "Evaluation
of joint effects of cyprodinil and kresoxim-methyl on zebrafish, Danio rerio." J Hazard
Mater 352:80-91.

Weltje, L., F. S. vom Saal, and J. Oehlmann. 2005. "Reproductive stimulation by low doses of
xenoestrogens contrasts with the view of hormesis as an adaptive response." Hum Exp
Toxicol 24 (9):431-7.

Westerfield, Monte. 2007. The zebrafish book: a guide for the laboratory use of zebrafish (Danio
rerio): University of Oregon press.

Wexler, Philip, Bruce D Anderson, Shayne C Gad, PJ Bert Hakkinen, Michael Kamrin, Ann De
Peyster, Betty Locey, Carey Pope, Harihara M Mehendale, and Lee R Shugart. 2005.
Encyclopedia of toxicology. Vol. 1: Academic Press.

Wheelock, Craig E., Guomin Shan, and James Ottea. 2005. "Overview of carboxylesterases and
their role in the metabolism of insecticides.”" Journal of Pesticide Science 30 (2):75-83.

Whyte, Jeff J, RE Jung, CJ Schmitt, and DE Tillitt. 2000. "Ethoxyresorufin-O-deethylase (EROD)
activity in fish as a biomarker of chemical exposure.” Crit Rev Toxicol 30 (4):347-570.

Wightwick, Adam, Robert Walters, Graeme Allinson, Suzanne Reichman, and Neal Menzies.
2010. "Environmental risks of fungicides used in horticultural production systems." In
Fungicides. InTech.

Winnicki, A, M Stankowska-Radziun, and K Radziun. 1970. "Structural and mechanical changes
in the egg membranes of Salmo gairdneri Rich. during the period of hatching of the
larvas." Acta Ichthyol Piscat 1 (1):7-20.

Worek, F., P. Eyer, and H. Thiermann. 2012. "Determination of acetylcholinesterase activity by
the Ellman assay: a versatile tool for in vitro research on medical countermeasures against
organophosphate poisoning.” Drug Test Anal 4 (3-4):282-91.

Wright, Mark G. 2014. "Chapter 14 - Biological Control of Invasive Insect Pests A2 - Abrol,
Dharam P." In Integrated Pest Management, 267-81. San Diego: Academic Press.

Wu, M., H. Xu, Y. Shen, W. Qiu, and M. Yang. 2011. "Oxidative stress in zebrafish embryos
induced by short-term exposure to bisphenol A, nonylphenol, and their mixture." Environ
Toxicol Chem 30 (10):2335-41.

Wu, Y., Q. Yang, M. Chen, Y. Zhang, Z. Zuo, and C. Wang. 2018. "Fenbuconazole exposure
impacts the development of zebrafish embryos." Ecotoxicol Environ Saf 158:293-9.

Xiao, Y. M., L. Esser, F. Zhou, C. Li, Y. H. Zhou, C. A. Yu, Z. H. Qin, and D. Xia. 2014. "Studies
on inhibition of respiratory cytochrome bcl complex by the fungicide pyrimorph suggest
a novel inhibitory mechanism.” PLOS ONE 9 (4):e93765.

Xie, Yongjian, Qiangian Huang, Zhunjing Wang, Haiyan Cao, and Dayu Zhang. 2017. "'Structure-
activity relationships of cinnamaldehyde and eugenol derivatives against plant
pathogenic fungi.” Industrial Crops and Products 97:388-94.

Xin, Q., J. M. Rotchell, J. Cheng, J. Yi, and Q. Zhang. 2015. "Silver nanoparticles affect the
neural development of zebrafish embryos.” J Appl Toxicol 35 (12):1481-92.

Yamagami, Kenjiro. 1981. "Mechanisms of Hatching in Fish: Secretion of Hatching Enzyme and
Enzymatic Choriolysis." American Zoologist 21 (2):459-71.

Yan, Y.L, K. Hatta, B. Riggleman, and J. H. Postlethwait. 1995. "Expression of a type Il collagen
gene in the zebrafish embryonic axis." Dev Dyn 203 (3):363-76.

Yang, Y., W. Liu, D. Li, L. Qian, B. Fu, and C. Wang. 2017. "Altered glycometabolism in
zebrafish exposed to thifluzamide.” Chemosphere 183:89-96.

Yeganegi, M., F. Tabatabaei Yazdi, S. A. Mortazavi, J. Asili, B. Alizadeh Behbahani, and A.
Beigbabaei. 2018. "Equisetum telmateia extracts: Chemical compositions, antioxidant

154



XlI- References

activity and antimicrobial effect on the growth of some pathogenic strain causing
poisoning and infection." Microb Pathog 116:62-7.

Yu, L., M. Chen, Y. Liu, W. Gui, and G. Zhu. 2013. "Thyroid endocrine disruption in zebrafish
larvae following exposure to hexaconazole and tebuconazole." Aquat Toxicol 138-
139:35-42.

Yu, Y. M., T. Y. Chao, W. C. Chang, M. J. Chang, and M. F. Lee. 2016. "Thymol reduces
oxidative stress, aortic intimal thickening, and inflammation-related gene expression in
hyperlipidemic rabbits." J Food Drug Anal 24 (3):556-63.

Zarn, J. A., B. J. Bruschweiler, and J. R. Schlatter. 2003. "Azole fungicides affect mammalian
steroidogenesis by inhibiting sterol 14 alpha-demethylase and aromatase." Environ
Health Perspect 111 (3):255-61.

Zhang, J. L., C. Laurence Souders, 2nd, N. D. Denslow, and C. J. Martyniuk. 2017. "Quercetin,
a natural product supplement, impairs mitochondrial bioenergetics and locomotor
behavior in larval zebrafish (Danio rerio)." Toxicol Appl Pharmacol 327:30-8.

Zhang, X. J., L. Yang, Q. Zhao, J. P. Caen, H. Y. He, Q. H. Jin, L. H. Guo, M. Alemany, L. Y.
Zhang, and Y. F. Shi. 2002a. "Induction of acetylcholinesterase expression during
apoptosis in various cell types.” Cell Death Differ 9 (8):790-800.

Zhang, XJ, L Yang, Q Zhao, JP Caen, HY He, QH Jin, LH Guo, M Alemany, LY Zhang, and YF
Shi. 2002b. "Induction of acetylcholinesterase expression during apoptosis in various cell
types." Cell death and differentiation 9 (8):790.

Zhang, Y., W. Chen, D. Feng, W. Shi, X. Li, and H. Ma. 2012. "A spectroscopic off-on probe for
simple and sensitive detection of carboxylesterase activity and its application to cell
imaging." Analyst 137 (3):716-21.

Zhou, S., Q. Dong, S. Li, J. Guo, X. Wang, and G. Zhu. 2009. "Developmental toxicity of cartap
on zebrafish embryos.” Aquat Toxicol 95 (4):339-46.

Zon, L. L., and R. T. Peterson. 2005. "In vivo drug discovery in the zebrafish." Nat Rev Drug
Discov 4 (1):35-44.

155






Chapter XIli

Appendice |

Effects of synthetic and plant-based fungicides on
biomarkers in the early stages of zebrafish
development







XIll- Appendice |

1. Azoxystrobin 96h-LCso
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Figure 52 - Dose-response curve of mortality of zebrafish following 96h exposure to azoxystrobin.
Log-transformed azoxystrobin concentrations are plotted on the x axis in function of the mortality,
considered the correction of control mortality. The 96-h lethal concentration (LCso) value of azoxystrobin
was 1.15 mgL* with the 95% confidence interval ranging from 0.83 to 1.47 mgL . The values are presented
as mean = SD from three independent replicate exposures.

2. Mancozeb 96h-LCso
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Figure 53 - Dose-response curve of mortality of zebrafish following 96h exposure to mancozeb. Log-
transformed mancozeb concentrations are plotted on the x axis in function of the mortality, considered the
correction of control mortality. The 96-h lethal concentration (LCso) value of azoxystrobin was 5.13 mgL-
1 with the 95% confidence interval ranging from 2.20 to 8.06 mgL ™. The values are presented as mean +
SD from three independent replicate exposures.
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Figure 54 - Dose—response curve of mortality of zebrafish following 96h exposure to tebuconazole.
Log-transformed tebuconazole concentrations are plotted on the x axis in function of the mortality,
considered the correction of control mortality. The 96-h lethal concentration (LCso) value of azoxystrobin
was 7.25 mgL-* with the 95% confidence interval ranging from 4.64 to 9.86 mgL ™. The values are presented
as mean = SD from three independent replicate exposures.

4. Equisetum arvense 96h-LCso
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Figure 55 - Dose-response curve of mortality of zebrafish following 96h exposure to Equisetum
arvense extract. Log-transformed Equisetum arvense extract concentrations are plotted on the x axis in
function of the mortality, considered the correction of control mortality. The 96-h lethal concentration
(LCso) value of azoxystrobin was 435.31 mgL* with the 95% confidence interval ranging from 368.07 to
502.55 mgLt. The values are presented as mean + SD from three independent replicate exposures.
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5. Mimosa tunuiflora 96h-LCso
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Figure 56- Dose-response curve of mortality of zebrafish following 96h exposure to Mimosa
tunuiflora extract. Log-transformed Mimosa tunuiflora extract concentrations are plotted on the x axis in
function of the mortality, considered the correction of control mortality. The 96-h lethal concentration
(LCso) value of azoxystrobin was 1.15 mgL-* with the 95% confidence interval ranging from 0.83 to 1.47
mgL. The values are presented as mean + SD from three independent replicate exposures.

6. Thymol 96h-LCso
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Figure 57 - Dose-response curve of mortality of zebrafish following 96h exposure to thymol. Log-
transformed thymol concentrations are plotted on the x axis in function of the mortality, considered the
correction of control mortality. The 96-h lethal concentration (LCso) value of azoxystrobin was 1.15 mgL-
1 with the 95% confidence interval ranging from 0.83 to 1.47 mgL™. The values are presented as mean +
SD from three independent replicate exposures.
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