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RESUMO

O glifosato tornou-se o herbicida mais utilizado no mundo, devido & ado¢do ampla de
culturas resistentes, ap6os sua introducao em 1996. O glifosato pode ser usado sozinho,
mas ¢ comumente utilizado como ingrediente ativo do herbicida Roundup®. Este
herbicida contém vérios adjuvantes, tal como a Polioxietilenamida (POEA), que podem
promover uma toxicidade desconhecida. O peixe-zebra estd ganhando popularidade na
pesquisa comportamental, devido a similaridade fisiolégica com os mamiferos,
facilidade de manipulacdo, baixo custo, fertilizacdo externa, transparéncia de embrides
nos estagios larvais e desenvolvimento rapido. O objetivo deste estudo foi avaliar os
efeitos do glifosato e do Roundup®™ sobre pardmetros comportamentais ¢ morfologicos
em peixe-zebra no estagio larval e adulto. As larvas com 3 dias pos-fertilizagao (dpf) e
adultos foram expostos ao glifosato (0,01, 0,065 ¢ 0,5 mg/L) e Roundup® (0,01, 0,065 e
0,5 mg/L) por 96 horas. Imediatamente apds o tratamento, realizamos a analise de
pardmetros comportamentais, como atividade locomotora, comportamento aversivo e
morfologia para larvas e locomog¢ao, comportamento agressivo e memaoria aversiva para
adultos. Nas larvas houveram diferencas significativas na atividade locomotora e
comportamento aversivo nos animais tratados com glifosato ¢ Roundup” quando
comparado ao controle. Foi observada uma diminuicdo na distancia percorrida e na
resposta aversiva nas larvas expostas ao glifosato e Roundup®. Observou-se uma
diminuigo significativa no comprimento corporal das larvas expostas ao Roundup® em
todas as concentracdes testadas. Nossos resultados demonstraram que a exposi¢ao ao
glifosato ou Roundup® reduziu a distdncia percorrida, a velocidade média e o niimero
de cruzamentos na maior concentragdo de glifosato (0,5mg/L) e 0,065 e 0,5mg/L. de
Roundup” em animais adultos. Verificamos que peixe-zebra adulto tratado com
Roundup® apresentou um comprometimento significativo na memoria. Nossos
resultados demostraram que o glifosato e o Roundup® tiveram efeito sobre o
comportamento agressivo. Assim, nossos achados demonstraram que os efeitos das
formas isoladas e comerciais de glifosato promoveram diferencas na locomogao,
comportamento e morfologia do animal tratado, sugerindo mecanismos semelhantes de

toxicidade e resposta celular.

Palavras chaves: Danio rerio, glifosato, peixe-zebra, Roundup®, toxicidade



ABSTRACT

Glyphosate has become the most widely used herbicide in the world, due to the wide
scale adoption of resistant crops, after its introduction in 1996. Glyphosate can be used
alone, but is commonly used as an active ingredient of the Roundup® herbicide. This
herbicide contains several adjuvants in addition to glyphosate, which may promote an
unknown e.g. toxicity Polioxietilenamida (POEA). Zebrafish is gaining popularity in
behavioral research, because of its physiological similarity to mammals, ease of
manipulation, robust performance, low cost, external fertilization, transparency of
embryos larval stages and rapid development. The aim of this study was to evaluate the
effects of glyphosate and Roundup” on behavioral and morphological parameters in
zebrafish larvae and adult. Zebrafish larvae at 3 days post-fertilization (dpf) and adults
were exposed to glyphosate (0.01, 0.065, and 0.5 mg/L) and Roundup® (0.01, 0.065,
and 0.5 mg/L) for 96 hours. Immediately after the treatment, behavioral parameters such
as locomotor activity and aversive behavior and morphology for the larvae and
locomotion, agressive behavior and memory for the adults were analyzed. Zebrafish
larvae, the results indicated that there were significant differences in the locomotor
activity and aversive behavior by glyphosate and Roundup® when compared to the
control. However, there was a decrease in distance traveled and the time spent in zone
without stimulation for exposed larvaec at doses of glyphosate and Roundup®. A
significant decrease in body lenght was observed for larvae exposed to Roundup® in all
concentrations tested. Our findings demonstrated that glyphosate and Roundup®
exposure reduced the distance traveled, the mean speed and the line crossings in the
highest concentration of glyphosate (0.5 mg / L) and 0.065 and 0.5mg/L. Roundup® in
animals adults. We verified that Roundup®-treated adult zebrafish showed a significant
impairment in memory. Our results showed that glyphosate and Roundup® had an effect
on agressive behavior. Our findings demonstrated that the effects of isolated and
commercial forms of glyphosate promoted differences on locomotion, behavior and
morphology of the treated animal, suggesting similar mechanisms of toxicity and

cellular response.

Keywords: Danio rerio, glyphosate, Roundup”, toxicity, zebrafish.
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1 INTRODUCAO

1.1 TOXICIDADE POR AGROTOXICOS

Os agrotoxicos sdo largamente utilizados para o controle de pragas ou doengas
causadas por elas. A Agéncia de Prote¢do Ambiental dos Estados Unidos (EPA) estima
que cerca de 75% dos lares americanos usam agrotoxicos frequentemente, e, no total,
mais de 1 bilhdo de toneladas de produtos pesticidas sdo utilizados anualmente no
comércio e na agricultura (EPA, 2010). De acordo com a Organizacdo Mundial da
Saude, os paises em desenvolvimento consomem 20% de todo o agrotoxico produzido
no mundo (Meyer et al., 2013).

No Brasil essa questdo adquire dimensao de forte impacto no que diz respeito a
Satde Publica, uma vez que o pais ¢ atualmente o maior consumidor mundial de
agrotoxicos, respondendo, na América Latina, por 86% dos produtos. Dados mostram
que o mercado de agrotoxicos movimentou R$ 7 bilhdes no pais, mais que o dobro da
quantia registrada em 2003 (IBGE, 2010).

O mercado brasileiro de agrotoxicos expandiu rapidamente na ultima década
(190%) num ritmo de crescimento maior que o dobro do apresentado pelo mercado
global (93%), o que coloca o Brasil em primeiro lugar no ranking mundial de uso, desde
2008. Segundo a Agéncia Nacional de Vigilancia Sanitaria (ANVISA, 2013), na safra
2010/2011, o consumo foi de 936 mil toneladas, movimentando US$ 8.5 bilhdes entre
dez empresas que controlam 75% deste mercado no pais. A liberacdo do cultivo a partir
de sementes transgénicas e sua difusdo nas areas agricolas estdo associadas ao aumento
do consumo, tendo em vista o uso intenso de herbicidas, responsaveis por 45% do

volume consumido, seguidos pelos fungicidas (14%) e inseticidas (12%).
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Baseado no alvo de agdo, os agrotoxicos podem ser classificados como:
herbicidas, inseticidas, fungicidas, bactericidas e raticidas. Considerando as
propriedades quimicas desses compostos, eles podem ser classificados como:
organoclorados (OC), organofosforados (OF), carbamatos, ditiocarbamatos, piretroides,
triazinas, amidas e cumarinicos (Ye et al, 2013).

Existem critérios estabelecidos pela Agéncia Nacional de Vigilancia Sanitaria-
ANVISA para determinar a classificacdo toxicologica dos agrotoxicos que, através de
dados validados, possuam atividade teratogénica, carcinogénica ou mutagénica. A
classificagdo toxicoldgica destes produtos leva em consideragdo a CL 50 e a DL 50 oral,
inalatéria e dérmica, ou seja, a Concentracdo Letal (CL) e a Dose Letal (DL), dadas em
miligramas por quilo de peso corporal, necessarios para matar 50% dos roedores
expostos ao agrotoxico. Essa classificagdo esta estabelecida da seguinte forma: Classe I
(extremamente toxico); Classe II (altamente toxico); Classe III (medianamente toxico);
Classe IV (pouco toxico) (ANVISA).

Apesar da popularidade e ampla utilizacdo, sérias preocupagdes tém sido
levantadas sobre os riscos a saude causados por estes produtos. Sugeng et al. (2013) e
Burns et al. (2013), relatam que a exposi¢do cronica a agrotoxicos € um grave problema
de satde ambiental em comunidades agricolas. Cancer, problemas no sistema endocrino
e que envolvem a reprodugdo e o desenvolvimento estdo entre os eventos mais comuns
(Burns et al. 2013).

Além da contaminagdo por exposi¢ao direta, Muthappa et al. (2014), relata que a
contamina¢do ambiental por agrotoxicos estd entre as ameagas mais importantes para a
biodiversidade em paisagens agricolas. A utilizacdo generalizada combinada com o
excesso do produto durante as aplicacdes, pode acarretar em derrames acidentais, mau

descarte e escoamento topografico de areas cultivadas, resultando na presenca dos seus
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residuos em vdrias matrizes ambientais, especialmente nas aguas de superficie (Stamatis
etal., 2013).

As pessoas podem, portanto, estar expostas a niveis excessivos de agrotoxicos
no trabalho por meio do alimento, solo, 4gua ou ar. Com a contaminagdo de aguas
subterraneas, lagos, rios e outros corpos de dgua, os agrotoxicos podem ainda poluir os
suprimentos de dgua potavel, peixes e outras fontes muitas vezes vitais para o bem-estar
humano (Murray et al., 2014). Estudos realizados em distintos estados do Brasil tém
detectado a presenca de agrotoxicos no leite materno (OMS, 2016; Sarcinelli et al.,
2013), assim como apontado a possibilidade de ocorréncia de anomalias congénitas
relacionadas ao uso de agrotoxicos. A exposicao cronica a agrotoxicos (exposicao por
longos periodos) pode desencadear o desenvolvimento de doengas tanto em
trabalhadores quanto na populagdo exposta a estes compostos, seja no ambiente, ou
através da alimentacdo (Murray et al., 2014).

Embora existam praticas de gestdo da polui¢do no ponto de origem, muito pouco
progresso esta sendo alcangado no combate a poluicao difusa, especialmente das aguas
superficiais. O escoamento ¢ a principal forma de contaminacdo dos pesticidas que se
deslocam de campos agricolas para as aguas de superficie (Richards e Baker, 1993).
Virios fatores, como a topografia do terreno, o clima da érea, as caracteristicas do solo,
as praticas agricolas, e as propriedades quimicas e ambientais dos pesticidas favorecem

o transporte para os ambientes aquaticos (Larson et al, 1995).
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1.2 GLIFOSATO

O glifosato ¢ um herbicida pds-emergente, classe IV, ndo-seletivo e de agdo
sistémica. Possui a férmula molecular C;HgNOsP, cujas propriedades quimicas
possibilitam que se solubilize facilmente em ambientes aquaticos (Baird e Cann, 2005).
Ele ¢ um amino-fosfonato andlogo ao aminoacido natural glicina, pertence ao grupo
quimico dos aminodcidos fosfonados e tal como seu precursor, a glicina, apresenta
comportamento zwiterionico, com separacao de duas cargas em pH neutro, uma positiva
no grupo amino ¢ uma negativa no grupo fosfonato (Jayasumana et al., 2014). A

formula estrutural do glifosato ¢ mostrada na figura 1:

O
[ (l)
HO

Figura 1. Formula estrutural do herbicida glifosato (Amarante et al, 2002)

Seu mecanismo de acdo consiste em alterar diferentes processos bioquimicos
que sdo vitais nas plantas. Inicialmente, ele inibe a enzima 5-enolpiruvilchiquimato-3-
fosfato-sintase (EPSP), o que leva ao actimulo de altos niveis de chiquimato nos
vacuolos, intensificado pela perda de controle do fluxo de carbono na rota, ocorrendo o
bloqueio da biossintese dos aminodcidos aromaticos essenciais: fenilalanina, triptofano
e tirosina (Hove-Jensenet al., 2014). As plantas tratadas com glifosato morrem
lentamente, em poucos dias ou semanas, ¢ devido ao transporte de todo o sistema,

nenhuma parte da planta sobrevive.
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J4

O glifosato é o ingrediente ativo do herbicida Roundup”® mais utilizado no
mundo, desenvolvido pela Monsanto Co. e introduzido na agricultura mundial, em 1974
(Kimmel et al., 2013; Pollegioni et al., 2012 e Duke et al., 2012). Ele foi rapidamente
adotado nas comunidades agricolas em todo o mundo. Jayasumana et al. (2014) citam
em seu estudo que o glifosato foi aclamado como o pesticida da virada do milénio e o
produto quimico mais significativo na agricultura moderna.

Ele possui véarias propriedades desejaveis que contribuem para o seu uso
mundial. Possui pouca ou nenhuma atividade herbicida no solo e, dessa forma, ¢
utilizado apenas com aplica¢do por pulverizagdo foliar (Duke et al., 2012). Algumas
culturas alimentares importantes, como trigo, milho e soja, foram geneticamente
modificadas de modo que eles sdo resistentes a este herbicida, proporcionando o
controle de ervas daninhas, sem danos a plantacdo (Negga et al., 2011). Os mecanismos
de resisténcia ao glifosato conhecidos incluem mutacao no local do alvo, duplicacio do
gene do sitio-alvo, captagdo celular limitada e resposta de necrose rapida (Sammons e
Gaines, 2014).

Existem varios trabalhos que relatam que este ativo ¢ relativamente nao toxico
(DL50 por via oral = 5600 mg/kg) em ratos. No entanto, para as formulacdes de
pesticidas, o glifosato ¢ combinado com produtos quimicos adicionais, que sao
normalmente referidos apenas como "ingredientes inertes" e cuja toxicidade pode ser
desconhecida, em combinag¢do com o ingrediente ativo (Negga et al., 2011), incluindo a
polioxietilenamida (POEA) utilizada para dispersdo e aumento da absor¢ao do pesticida
nas plantas (Brausch et al., 2007). Mesnage et al. (2014) relatam em seu experimento
que o agrotoxico Roundup® mostrou-se 125 vezes mais toxico do que o glifosato. Além
disso, apesar de sua reputagdo, a forma comercial Roundup® foi o mais toxico entre os

herbicidas e inseticidas testados (Mesnage et al, 2014).
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Um estudo examinou os efeitos do herbicida glifosato isolado e da formulacao
comercial Roundup® na fosforilagio oxidativa mitocondrial (Peixoto, 2005). A
formulagdo comercial diminuiu significativamente a relacdo de ADP/oxigénio em
concentragdes abaixo de 0,5 mM, o que ndo ocorreu com o glifosato na forma isolada
(Peixoto, 2005). Assim, sugere-se que a exposicao ao pesticida comercial pode levar a
uma disfuncdo mitocondrial. Estes dados confirmam os estudos anteriores a década de
80, que relatavam que as formulagdes comerciais de glifosato inibiam as mitocondrias
(Negga et al., 2011; Peixoto, 2005).

Uren Webster e Santos (2015) sugerem em seu estudo que o glifosato ¢ a
exposi¢do ao Roundup® promovem alteragdes de muitos processos metabolicos. Ambos
interferem nas vias de sinalizacdo que controlam a resposta ao estresse celular, em
particular aqueles que estdo envolvidos na regulacdo da apoptose, indicando uma
resposta celular ao estresse oxidativo, e sugerindo que este ¢ o mecanismo mais
significativo de toxicidade de ambos, Roundup” e glifosato.

Em um estudo realizado por Séralini et al. (2014) foram avaliados os efeitos
sobre ratos alimentados com cereais que receberam glifosato isolado e na forma
comercial no seu cultivo. Apoés 4 meses de vida, houve um aumento de tumores
mamarios nas fémeas, bem como um aumento de danos renais e hepaticos nos machos.
Além disso, observou-se uma vida uatil diminuida em ambos os sexos. Estes efeitos
ocorreram em resposta as duas formas de glifosato utilizadas (Séralini et al., 2014).

Uma consideracdo importante ¢ que as bactérias intestinais em humanos
dependem da via do chiquimato - assim como em plantas - para o fornecimento dos
aminoacidos aromaticos essenciais, triptofano, tirosina e fenilalanina (Samsel e Seneff,
2015). A metionina, um aminoacido essencial que contém enxofre, também ¢ afetada

negativamente pelo glifosato. Além disso, muitas outras moléculas biologicamente
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ativas, incluindo serotonina, melatonina, melanina, epinefrina, dopamina, hormdnios da
tiredide, acido foélico, coenzima Q10, vitamina K e vitamina E dependem dos
metabolitos da via chiquimato como precursores. Algumas bactérias e plantas usam
exclusivamente a via do chiquimato para produzir esses aminoacidos (Samsel e Seneff,

2015).

1.3 PEIXE-ZEBRA

O peixe-zebra, Danio rerio (Figura 2), ¢ um pequeno peixe teledsteo, com cerca
de 3 a 4 cm, de agua doce originario do sul da Asia, o qual exibe grande adaptabilidade
para a criagdo em cativeiro (Liu e Leach, 2011). Ele vem sendo considerado um modelo

ideal para estudos em vertebrados (Bai e Burton, 2011; Malaga-Trillo et al., 2011).

Figura 2:Peixe-zebra. Disponivel em www.noldus.com

Dentre as caracteristicas que vem ampliando o uso deste animal modelo estdo: o
seu tamanho pequeno, permitindo a facil manipulagdo; o rdpido metabolismo
(Goldsmith, 2004); a alta sensibilidade a substancias que sdo adicionadas diretamente

na agua, realizando a absorcdo pelas branquias (Grosell e Wood, 2002); o baixo custo

17



para criacdo e manutencdo; e o alto grau de similaridade com mamiferos quando
comparado com outros modelos alternativos (Peterson et al., 2008). Além disso, o
peixe-zebra apresenta grande sensibilidade a farmacos, e genes evolutivamente
conservados que apresentam um alto grau de similaridade com os genes de humanos (70
a 80%) e de camundongos, apresentando sistemas de neurotransmissdo muito similares

(Barbazuk et al., 2000; Howe et al., 2013).

1.3.1 PEIXE-ZEBRA EM ENSAIOS DE TOXICOLOGIA

Na tultima década, o peixe-zebra demonstrou-se uma ferramenta util para
compreender ndo s6 os efeitos estruturais e quimicos de compostos neurotdxicos, mas
também para avaliar a disfungdo comportamental associada com tal exposi¢do e, como
tal, sendo util para o dominio da toxicologia neurocomportamental do desenvolvimento
(Bailey et al, 2013; Hahn et al, 2016). Muitos sistemas de neurotransmissdo
excitatdrios e inibitorios foram mapeados no sistema nervoso do peixe-zebra, tais como,
sistemas dopaminérgico, serotoninérgico, colinérgico, purinérgico, histaminérgico,
nitrérgico, glutamatérgico, glicinérgico e gabaérgico, enfatizando suas caracteristicas
como alvos farmacologicos e toxicoldgicos (Panula et al., 2010; Rico et al., 2011).

Tanto a integridade estrutural quanto a capacidade funcional do peixe-zebra
podem ser avaliadas ao longo de todo o tempo de vida, desde a fase larval até a adulta,
tornando este modelo ideal para compreender os efeitos toxicos e teratogénicos de
compostos. Além disso, as agdes elementares de um agente neurotdoxico podem ser
acompanhadas, no que se refere as interrupgdes de diferenciagdo neural, proliferacdo e
migracdo celular, formagdo de sinapses, e desenvolvimento de circuitos. O

comportamento do peixe-zebra pode ser também medido para determinar o impacto
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funcional de uma exposicdo quimica. Desta forma, a utilizagdo do peixe-zebra em
estudos de toxicidade e teratogenicidade expandiu-se enormemente nos ultimos dez
anos (Bailey et al., 2013; Kent et al., 2016 ¢ Boix et al., 2013).

A espécie mostra-se adequada para trabalhos em condi¢des laboratoriais, devido
ao fato de ser amplamente reconhecida como um bom modelo para estudos de
toxicidade, destacando a importancia de pesquisas relacionadas aos aspectos
reprodutivos de organismos aquaticos expostos ao herbicida glifosato. No estudo
desenvolvido por Armiliato et al. (2014), fémeas da espécie foram expostas a este
herbicida. Os autores relatam que a concentracao regulamentada para os rios do Brasil
foi suficiente para causar alteragdes estruturais e bioquimicas nos ovarios dos peixes,

sugerindo comprometimento do processo reprodutivo da espécie.

1.3.2 PEIXE-ZEBRA EM ENSAIOS COMPORTAMENTAIS

H4 um interesse crescente na utilizagdo desta espécie em estudos
comportamentais visando a compreensao da base genética do comportamento (Miklosi e
Andrew, 2006; Hahn et al., 2016). Estudos demonstram que as respostas
comportamentais do peixe-zebra sdo robustas, evolutivamente conservadas e se
assemelham as de mamiferos (Kalueff et al., 2013). Tanto a fase larval, como a fase
adulta ja foram utilizadas para investigar a funcdo cerebral e perturbagdes do
comportamento (Norton, 2013; Kalueff et al., 2014, Liu et al., 2017).

Os aspectos comportamentais incluem alteragdes na locomog¢do, como
movimentos erraticos, distdncia percorrida, tempo de permanéncia, velocidade média e
numero de cruzamentos (Giacomini et al., 2016). Além disso, estudos avaliando

caracteristicas comportamentais do peixe-zebra foram desenvolvidos, envolvendo a
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analise da atividade locomotora, agressividade, interagdo social e aprendizado (Cognato
et al., 2012; Karnik e Gerlai, 2012; Bailey et al., 2013; Porseryd et al., 2017).

O peixe-zebra ¢ amplamente utilizado para pesquisar o comportamento animal,
no que se refere a agressividade. Ele ¢ uma espécie que vive em grupo e¢ forma
hierarquias de dominancia em ambos os sexos (Oliveira, 2013). A agressividade ¢
comumente utilizada pelo individuo dominante a fim de capacita-lo a ocupar territorios
sobre os locais de desova e proteger o seu status, frente aos seus subordinados. Esta
estreita associagdo entre a agressividade e a posi¢ao social, juntamente com os padrdes
comportamentais menos complexos do peixe-zebra em comparagdo com os mamiferos,
tornam esta espécie altamente apropriada para estudos sobre os mecanismos envolvidos
na agressividade (Filby et al.,, 2010). Alguns comportamentos complexos como
abordagem, movimento ondulante do corpo, abertura e fechamento da boca, movimento
de mordida e perseguicdo quando dirigidos a membros da mesma espécie, ou a outros
objetos em peixe-zebra adulto podem aparecer no contexto da defesa do territdrio
(comportamento territorial), protecdo dos semelhantes e estabelecimento de dominio.
Estes comportamentos podem ser afetados através da manipulagdo de diferentes
substancias farmacolégicas e toxicoldgicas (Oliveira et al., 2011).

Além disso, esta espécie possui habilidades cognitivas evidentes e varios estudos
tém demonstrado que apresentam excelente memoria de curto prazo e de longo prazo,
além de responder a varios modelos de aprendizagem (Kalueff et al., 2014; Mwaffo et
al., 2017). Estudos j& demonstraram a capacidade desta espécie em adquirir memorias
associativas, aversivas e espaciais (Al-Mari e Gerlai, 2008; Blank et al., 2009; Cognato
et al., 2012).

Com relacdo ao comportamento social, sabe-se que esta espécie pode ser

influenciada pela presenca ou acdo de outros co-especificos (Oliveira et al., 2011; Al-
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Imari e Gerlai, 2008; Miller e Gerlai, 2011). Isso pode resultar em alteracdes na
agressividade, na memoria, reconhecimento e preferéncia social. Esta espécie tem uma
tendéncia natural de passar mais tempo perto de individuos da mesma espécie, podendo
ser observado como parte do comportamento de cardume, reconhecimento social, ou

preferéncia dos compartimentos (Miller e Gerlai, 2011).
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Avaliar os efeitos da exposi¢do ao glifosato sobre parametros comportamentais e
morfoldgicos em peixe-zebra nos estdgios larval e adulto, comparando a forma ativa

1solada e a forma comercial.
2.2 OBJETIVOS ESPECIFICOS

- Avaliar o efeito do glifosato isolado ou da forma comercial (Roundup®™), apés 96 horas

de exposicdo, sobre a morfologia de larvas de peixe-zebra.

- Avaliar o efeito do glifosato isolado ou da forma comercial (Roundup®™), apés 96 horas

de exposic¢do, sobre a locomogdo e o comportamento aversivo de larvas de peixe-zebra.

- Investigar o efeito da exposi¢do ao glifosato isolado ou da forma comercial
(Roundup®), apds 96 horas de exposicdo, sobre a atividade locomotora, memoria e

agressividade em animais adultos.
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Abstract

Glyphosate has become the most widely used herbicide in the world, due to the
wide scale adoption of transgenic glyphosate resistant crops after its introduction in
1996. Glyphosate may be used alone, but it is commonly applied as an active ingredient
of the herbicide Roundup®. This pesticide contains several adjuvants, which may
promote an unknown toxicity. The indiscriminate application poses numerous problems,
both for the health of the applicators and consumers, and for the environment,
contaminating the soil, water and leading to the death of plants and animals. Zebrafish
(Danio rerio) is quickly gaining popularity in behavioral research, because of
physiological similarity to mammals, sensitivity to pharmacological factors, robust
performance, low cost, short spawning intervals, external fertilization, transparency of
embryos through larval stages, and rapid development. The aim of this study was
evaluate the effects of glyphosate and Roundup® on behavioral and morphological
parameters in zebrafish larvae and adults. Zebrafish larvae at 3 days post-fertilization
and adults were exposed to glyphosate (0.01, 0.065, and 0.5 mg/L) or Roundup® (0.01,
0.065, and 0.5 mg/L) for 96 hours. Immediately after the exposure, we performed the
analysis of locomotor activity, aversive behavior, and morphology for the larvae and
exploratory behavior, agression and inhibitory avoidance memory for adult zebrafish. In
zebrafish larvae, there were significant differences in the locomotor activity and
aversive behavior after glyphosate or Roundup® exposure when compared to the control
group. Our findings demonstrated that exposure to glyphosate at the concentration of
0.5 mg/L, Roundup® at 0.065 or 0.5 mg/L reduced the distance traveled, the mean speed
and the line crossings in adult zebrafish. A decreased ocular distance was observed for
larvae exposed at 0.5 mg/L of glyphosate. We verified that at 0.5 mg/L of Roundup®-
treated adult zebrafish demonstrated a significant impairment in memory. Both
glyphosate and Roundup® reduced agressive behavior. Our data suggest that there are
small differences bettween the effects induced by glyphosate and Roundup®, both
altering morphological and behavior parameters in zebrafish, suggesting common

mechanisms of toxicity and cellular response.

Keywords: glyphosate, Roundup®, toxicity, zebrafish, behavior, memory.
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1. Introduction

Roundup” is the most popular and widely used herbicide in the majority of the
world (Robert et al., 2010; Wang et al., 2016; Gallardo et al., 2016). It is largely used in
agriculture, forestry and horticulture (including domestic use) (Uren Webster et al.,
2014). The indiscriminate use of Roundup® associated with careless handling,
accidental spillage or discharge of untreated effluents into natural waterways has caused
harmful effects on aquatic life and may promote long-term biological effects yet to be
discovered (Moustafa et al., 2016; Gallardo et al., 2016).

Glyphosate is the primary active ingredient present in Roundup® (Monsanto Co.,
St. Louis, MO, USA). However, the actual application mixture also contains what is
referred to as “inert” or “inactive” ingredients (Negga et al., 2011; Cox, 1998; Williams
et al., 2000). Despite the classification of inocuous, the commercial formulation has
greater side effects than glyphosate alone (Cavalli et al., 2013). The introduction of
glyphosate-resistant crops in the late 1980s increased exponentially the use of
glyphosate-containing herbicides (Araujo ef al., 2014). In 1987, glyphosate was the 17"
most used pesticide in the United States, and by 2001, it became the most applied
herbicide (Negga et al., 2011).

The wide applications of glyphosate and its relatively long half-life in water
(most commonly 45-60 days) will lead to its constant presence in coastal waters
(Annett et al., 2014). Studies have characterized the effects of individual glyphosate-
based herbicide formulations on a wide variety of aquatic organisms, including
microorganisms (Arunakumara et al., 2013; Vendrell et al., 2009), invertebrates
(Kreutzweiser et al., 1989; Folmar et al., 1979), amphibians (Edge ef al., 2013; Relyea,
2005), and fish (Uren Webster and Santos, 2014; Mitchell et al., 1987), which indicated
diverse physiological and behavioral effects depending on the dose and formulation.

Danio rerio, commonly known as zebrafish, is a tropical freshwater fish. It was
previously a well-known domestic fish, which has rapidly became an indispensable
animal model for scientists of today's world. The usage of zebrafish in scientific
research could be seen playing significant roles in fundamental areas of research, such
as toxicology (Zoupa and Machera, 2017; Alestrom et al., 2006; Beis and Stainier,
2006; Ingham, 2009). The numerous advantages and characteristics of this small animal

have contributed for the growing interest in this animal model for the biomedical
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research. Thus, the aim of this study is to evaluate the effects of exposure to glyphosate
and Roundup® on morphological and behavioral parameters on zebrafish during the

larval and adult stages, comparing the isolated active form and the commercial form.

2. MATERIALS AND METHODS

2.1. Animals and maintenance

Zebrafish (Danio rerio) adults stage (6-8 months, 0.2-0.4 g) wild-type were
obtained from a local commercial supplier (Red Fish, Porto Alegre, Brazil) and
acclimated for at least 2 weeks in the experimental room before the experiments.
Animals were housed in a 30 L- thermostated aquarium filled with unchlorinated water
constantly aerated at a targeted temperature of 26 + 2 °C. Fish were kept under a 14-h
light/10-h dark cycle photoperiod (lights on at 7:00 am) and were fed three times a day
with commercial flake fish food (Alcon BASIC®, Alcon, Brazil), supplemented with
brine shrimp (4rtemia sp.).

At least one week prior to training, animals were transferred to 25 L temporary
housing tanks in the task room to minimize further changes in context during the
experiment. The housing tank mimicked the conditions mentioned above and had a
glass partition that allowed manipulated and non-manipulated fish to be maintained
separated during each experimental session and yet allowed animals to be maintained
among their original group during the investigation. This strategy was adopted to
minimize animal stress due to isolation and its eventual impacts on behavioral
responses. Feeding was not interrupted during the experimentation and all sessions were
performed at morning. On each session animals were gently captured from the
temporary housing tank using a 6 cm wide fine nylon mesh fish net.

Water used in the experiments was obtained from a reverse osmosis apparatus
(18 MOhm/cm) and was reconstituted with marine salt (Crystal Sea, Maninemix,
Baltimore, USA) at 0.4 ppt. The total organic carbono concentration was 0.33 mg/L.
The total alkalinity (COs”") was 0.030 mEq/L. During fish maintenance, water
parameters were monitored daily and maintained in the following ranges: pH: 6.5 to 7.5,
conductivity: 400 to 600 S, ammonium concentration: < 0.004 ppm, and temperature:
25 to 28 °C. All protocols were approved by the Institutional Animal Care Committee
(06/2016, CEUA-PUCRS).
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2.2. Exposures

2.2.1. Larval exposure

Embryos were obtained from our breeding colony. For breeding, 1 female and 2
males per aquaria were placed in breeding tanks overnight in which the sexes were
separated by a transparent barrier. After the lights went on in the following morning, the
barrier was removed. Fertilized eggs were used for the experiments with larvae.
Embryos were collected, sanitized and 3 days after, they were subjected to the exposure.

After sanitized, embryos were kept for 3 days in six-well plates (10 embryos per
well at a density of 1 embryo per 2 mL). Larvae (3 dpf) were placed in Petri dishes (10
larvae per dish at a density of 1 larvae per 2 mL), and subjected to Roundup®
(Monsanto) or glyphosate (Sigma-Aldrich, St. Louis, MO) exposure at nominal
concentrations of 0 (control group), 0.01, 0.065 and 0.5 mg/L for 96 hours (solutions
were not changed during this period). The third day post fertilization was chosen as it is
the well described period during Zebrafish development in which the majority of eggs
hatch, therefore allowing directly exposure to herbicides. Only larvae that hatched in the
third dpf were used in the experiments. The three concentrations were chosen to
represent concentrations that may occur in the environment (0.01 mg/L) or during
occasional peak contamination events (0.5 mg/L) (Uren Webster and Santos, 2015).
Animals were monitored daily for survival as determined by the lack of heartbeat

visualized under a stereoscope.

2.2.2. Adult exposure

Adult animals, aged between 6 and 7 months, were exposed to Roundup®
(Monsanto Company, Marysville, OH, USA) or glyphosate (Sigma-Aldrich, St. Louis,
MO, USA) nominal concentrations of 0 (control groups), 0.01, 0.065 and 0.5 mg/L
(Uren Webster and Santos, 2015) in 2 L aquarium (10 animals per tank) for 96 h

(solutions were not changed during this period).
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2.3. Morphological defects

Morphology evaluation was performed by monitoring morphological defects in
larvae under a stereomicroscopy at 7 days post-fertilization (dpf). Body length (um),
ocular distance (um), and surface area of the eyes (um’) were evaluted using NIS-
Elements D software for Windows 3.2 (Nikon Instruments Inc., Melville, USA). Body
length was estimated using the method described by Capiotti et al. (2011), with
modifications; the distance from the larval mouth to the pigmented tip of the tail was
measured. The ocular distance was evaluated by the distance between the inner edge of
the two eyes (similar to the inner intercantal distance in humans), and the size of the

eyes was determined by measuring the surface area of the eyes (Lutte et al., 2015).

2.4 Behavioral analyses

2.4.1 Exploratory behavior of larvae

The exploratory behavior of the larvae was based on Altenhofen et al. (2017)
and evaluated at 7 dpf. The experiments were performed in a temperature-controlled
room (27 £ 2 °C) between 1 p.m - 5 p.m. Each larva was individually placed in a 24-
well cell culture plate containing 2 mL of water per well, and the total distance traveled
of each animal were evaluated (N=30). After a 60 s habituation, the sessions were
recorded for five minutes for later analysis using ANY-Maze tracking software

(Stoelting Co., Wood Dale, IL, USA).

2.4.2 Bouncing-ball avoidance behavior of larvae

Immediately after the exploratory behavior, larvae were placed in 6-well plate (5
larvae per well, N=30) over a LCD monitor for cognitive ability and avoidance
responses to a visual stimulus (a 1.35 cm diameter red bouncing ball) during a 5-min
session after a 2-min acclimation (Pelkowski et al., 2011; Nery et al., 2014). The red
bouncing ball travelled from left to right over a straight 2 cm trajectory on half of the
well area (stimuli area), which animals avoided by swimming to the other non-stimuli
half of the well. The number of larvae on the non-stimuli area during the 5-min session

was considered indicative of their cognitive ability.
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2.4.3 Adult exploratory behavior

The exploratory behavior of the adults was based on Gerlai et al. (2000) and
Reolon et al. (2017). Adult exploration was evaluated at 96 h after the start of exposure.
The experiments were performed in a temperature-controlled room (27+1 C) between 9
a.m — 1 p.m. Animals were placed individually in experimental tanks (30 cm length X
15 cm height x 10 cm width), and after 60 s of habituation, their locomotor behavior
was recorded for five minutes. The videos were analyzed using the ANY-Maze
software. The behavioral parameters analyzed were: distance traveled, mean speed, time
mobile, line crossings and time spent in upper zone. The time spent in upper zone can

indicate an anxiolytic-like behavior (Levin et al., 2007).

2.4.4 Adult aggressive behavior

The aggressive behavior was estimated using the method described by Gerlai et
al. (2000) and Gerlai (2003), with modifications. Each fish was placed in an
experimental tank (30 cm % 15 cm X 10 cm, length x height x width). A mirror (45 cm
x 38 cm) was placed at the side of the tank at an angle of 22.5° to the backwall of the
tank so that the left vertical edge of the mirror touched the side of the tank and the right
edge was further away. Thus, when the experimental fish swam to the left side of the
tank, their mirror image appeared closer to them. A test fish was added to the tank and
was allowed acclimate for 60 s; the aggressive behaviors that a fish conducted toward
its mirror image were subsequently recorded over a period of 5 min. The vertical lines
divided the tank into four equal sections and allowed the number of entries to each
section made by the fish to be counted. Entry to the left-most segment indicated
preference for proximity to the “opponent”, whereas entry to the right most segments
implied avoidance. The amount of time the experimental fish spent in each segment was

measured using ANY-Maze recording software.
2.4.5 Aversive memory in adults
The inhibitory avoidance test was evaluated using a glass tank (18 cm Lenght x

9 cm Width x 7 cm Height), divided in two equally sized compartments, designated
hereon as dark and white and divided by a sliding guillotine-type partition (9 cm x 7
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cm) (Blank et al., 2009). Compartments were defined by opaque plastic self-adhesive
films in black or white colors externally covering walls, floor and the corresponding
sides of the partition. Two electrodes extending through the wall height and placed on
each far side of the opposing side walls of the dark compartment were attached to an 8
V stimulator and administered a final 3 = 0.2 V AC shock (intensity measured between
electrodes and the center of the dark compartment) when manually activated. Zebrafish
were trained and tested individually in the inhibitory avoidance apparatus. Animals
were gently placed in the white side of the task tank while the partition between
compartments was closed. After 1 min of familiarization with the new environment, the
partition was raised, allowing fish to cross to the dark side of the tank through the 1 cm
high opening. On training session, when animals entered the dark side with their entire
body the sliding partition was closed and a pulsed electric shock administered for 5 s.
Fish were then removed from the apparatus and placed in the dedicated compartment of
the temporary housing tank. Animals were tested 24 h after training. The test session
repeated the training protocol except that no shock was administered and animals
immediately removed from the dark compartment. The latency to completely enter the
dark compartment was measured on both sessions and the test latencies used as an index

of retention.

2.4.6 Statistical analysis

All data were presented as mean = S.E.M, except for larval survival that is
presented as percentages. Larval survival during the four experimental days was
analyzed by Kaplan-Meier analysis. Differences in locomotor parameters (larvae at 7
dpf and adults after 96 h of exposure) were evaluated by one-way analysis of variance
(ANOVA) followed by post-hoc comparisons using Tukey corrections. Inhibitory
avoidance training and test latencies for each group were compared by the Wilcoxon

matched pairs test. For all comparisons, the significance level was set at p < 0.05.
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3. RESULTS

3.1. Glyphosate and Roundup® exposure in zebrafish larvae

3.1.1. Survival

We investigated the effect of glyphosate or Roundup® exposure on survival and
morphology at 24, 48, and 72 hours after the beginning of the exposure. Data for
survival evaluation were analysed by Kaplan Meier survival test (p=0.6275, N=36). The
results evaluated at 72 h demonstrated that animals exposed to concentrations of 0.01,
0.065, and 0.1 mg/L showed survival percentages of 92%, 96% and 91%, respectively.
Animals exposed the same concentrations of Roundup® showed survival percentages of
91%, 90% and 91%, respectively (). There were no differences between any group and
control (survival of 93%). At 24 and 48 hours there were no differences between groups

(data not shown).

3.1.2 Exploratory behavior

The exploratory behavior of the larvae was examined at 7 dpf to determine
whether glyphosate and Roundup® exposure could alter larvae locomotion and
orientation. The distance traveled of animals exposed to glyphosate or Roundup® at
concentration 0.01 and 0.5 mg/mL was decreased when compared to the control group
(F6,197 = 4.143; p = 0.0006; Fig. 1a). The parameter of absolute turn angle (F 197) =
8.7662; p < 0.0001; Fig.1b) was decreased in the 0.01 mg/L glyphosate and Roundup®
groups. The animals exposed to Roundup® concentration of 0.065 and 0.5 mg/L had

increased time mobile (Fs197) = 8.343; p < 0.0001; Fig.1c) compared with the control

group.
3.1.3 Aversive Behavior

The cognitive escaping responses from an aversive stimulus was evaluated and it
was observed a significant effect of groups exposure (Fs308)= 8.925; p <0.0001; Fig. 2)
with glyphosate and Roundup®. The findings demonstrated an increase in the number of

animals in non-stimuli area in the concentrations of 0.1 (89%), 0.065 (86%) and 0.5
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mg/L (88%) glyphosate and 0.065 (95%) and 0.5 mg/L (90%) Roundup®, when
compared with the control (76%).

3.1.4 Morphological Evaluation

The teratogenic effects of glyphosate and Roundup® on larvae morphology were
evaluated at 7 dpf. There were significant decreases in body length with all
concentrations of Roundup® (F,197=9.301; p < 0.0001; Fig. 3a) and only a significant
reduction in ocular distance when compared with the control group at concentration 0.5
mg/L of glyphosate (F,197)= 2.582; p = 0.0198; Fig 3b). There were no differences in
surface area of the eyes between the control and either glyphosate or Roundup® exposed

groups at all concentrations (F,197y= 3.367; p = 0.0035; Fig. 3c).
3.2 Glyphosate and Roundup® exposure in zebrafish adults
3.2.1 Exploratory behavior

The behavior pattern of adult animals was analyzed after 96 h of exposure to
glyphosate and Roundup®. Expsosure to 0.5 mg/L glyphosate and 0.065 and 0.5 mg/L
Roundup® decreased the distance traveled (F6,105 = 5.728; p < 0.0001; Fig 4a), mean
speed (Fs,105) = 6.042; p < 0.0001; Fig. 4b) and the number of line crossings (F.105) =
4.769; p = 0.0002; Fig. 4d) when compared to the control group. There were no
differences in time mobile between the control and the glyphosate or Roundup®

exposed groups at all concentrations. (Fs,105y= 0.9546; p = 0.4597; Fig. 4c).
3.2.2 Memory

There was no impairment in memory at all concentrations of animals exposed to
glyphosate (0.01, 0.065, and 0.5 mg/L) (U = 0.50, p < 0.0001; U = 9.00, p < 0.0001; U
= 29.00, p < 0.0002, respectively) and animals exposed to Roundup® at the lower
concentration tested (0.01mg/L) and intermediate concentration showed no memory
impairment (U = 50.00, p < 0.001; U = 65.00, p < 0.05, respectively), while animals
exposed to the higher concentration showed memory impairment (U = 67.50, p > 0.05)

compared to the control group (U = 15.00, p < 0.0001) (Fig. 5).
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3.2.3 Agression

Glyphosate exposed groups to 0.01 (91%), 0.065 (93%) and 0.5 mg/L (93%) and
Roundup® exposed groups at all concentrations 0.01 (85%), 0.065 (86%) and 0.5 mg/L
(86%) remained less time in the segment nearest to the mirror (Fs 169y = 4.7108; p=
0.0007; Fig. 6a) when compared with the control group (%). There was a significant
decrease on the number of entries into the mirror contact zone, when compared with the

control group. (Fs203)= 7.438; p < 0.0001; Fig. 6b).

4 DISCUSSION

Aquatic contamination by herbicides can occur as result of direct spraying, or
during heavy rainfall or leaching of agricultural fields (Roy et al., 2016; Benachour and
Seralini, 2009). Glyphosate has been regularly detected in a diversity of water bodies
(Mercurio et al., 2014), and its presence in surface waters has been found 60 days after
the formulation was applied, which indicates that this compound can persist in the
environment (Roy et al., 2016). Moreover, up to approximately 0.04 mg/L. glyphosate
has been reported to occur in rivers near urban run off and waste water treatment
effluent. Therefore, exposure to non-target organisms is inevitable and is related to
glyphosate’s high water solubility, contaminating the aquatic microbiota, animals and
fish. (Roy et al., 2016).

This study demonstrated that glyphosate or Roundup® exposure induces
behavioral and morphological changes in different developmental stages of zebrafish.
The exposure to different glyphosate and Roundup® concentrations, starting at 3 dpf
during 96 h can cause small morphological alterations in zebrafish larvae. The findings
showed that concentrations of glyphosate did not alter body length and surface area of
the eyes. However, the exposure to highest concentration (0.5 mg/L) induced decrease
in the ocular distance and this effect is probably maintained during the animal lifespan.
The exposure to all concentrations of Roundup® (0.01, 0.065 and 0.5 mg/L) in early
stages of development decreased body lenght. This study has shown that 96-h exposure
to these herbicides causes morphological alterations in zebrafish larvae. A study by
Zhang et al. (2017) also shows that from 100 to 400 mg/L of glyphosate exposure to
zebrafish larvae (4 dpf) resulted in shorter body lengths, smaller eyes and heads,
especially in 400 mg/L.
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Studies also have shown that other neurotoxic agents can cause numerous
morphological changes in zebrafish larvae. It has been observed that exposure during
120 h to the fungicide tebuconazole was able to increase the ocular distance in larvae
that were exposed to 4 mg/L (Altenhofen ef al., 2017). A similar effect was also verified
where zebrafish larvae were exposed to concentrations up to 10 ppm (near the solubility
limit in water) of atrazine during its development (from 1 to 120 hpf). The results
showed that larvae in all atrazine exposures had a significant increase in head length
compared with the control (Weber ef al. ,2013).

Our study demonstrated that exposure to glyphosate and Roundup” in the
highest and lowest concentration (0.01 and 0.5 mg/mL) were able to alter the swimming
behavior of zebrafish larvae, reducing the distance traveled, it is possible that
morphological changes affected the found locomotion alterations. This effect was also
observed in the absolute turn angle of the animals in the lowest concentration (0.01
mg/L) tested, which indicates that both glyphosate and Roundup® are able to change the
swimming pattern of larvae. Bortolotto ef al. (2014) have associated absolute turn angle
alterations with parkinson-associated symptoms in adult zebrafish exposed to paraquat.
This paremeter has been suggested as a sensitive measure of motor coordination
(Blazina et al., 2013). In addition, the glyphosate causes behavioral changes in animals
that were submitted to exposure in the larval stage (Uren Webster and Santos, 2014).
Pesticides can alter exploratory parameters in zebrafish larvae. Andrade et al. (2016)
showed that the fungicide carbendazim induced changes in the locomotor activity of
zebrafish larvae at 120 hpf, with significant decrease in the distance moved was
observed at concentrations above 0.8 g/L during the light period (Andrade et al., 2016).
Imazalil fungicide exposure after 96 h, especialy at high concentrations, resulted in
decreased locomotor activity in zebrafish larvae. Both distance and swimming speed
were significantly lower in the 100 and 300 mg/L imazalil-treated groups than in the
control group (Jin et al., 2016). Studies also showed that the distances of groups treated
with 100 and 300 mg/L after 120 h exposure herbicide atrazine was significant lower
than those in the control group (Liu et al., 2016; Pérez et al., 2013). Therefore, as
observed for other pesticides, glyphosate and Roundup® are able to alter the locomotor
pattern of zebrafish at early stages of development.

The aversive behavior showed a significant effect of glyphosate and Roundup®
exposure. All groups, except for the lowest Roundup® concentration (0.01mg/L)

showed an increase in the time swimming in the unstimulated area when compared to
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control. This result is probably related to the decrease of the exploratory capability
observed in the larvae, however, it can not be excluded that the herbicide increased the
ability to perceive danger and, therefore, the time spent away from the aversive
stimulus. Considering this altered behavior, the larvae may have escaped the stimulus
and remained longer in the unstimulated area of the plate. These results suggest that the
decrease in the exploratory behavior of zebrafish larvae exposed to glyphosate or
Roundup® may cause animals to be more susceptible to predation. In addition, exposure
to glyphosate may alter the normal morphology and behavior of the larvae even at the
concentration that is close to the environmental concentration of glyphosate (0.01
mg/L), indicating that environmental glyphosate may alter the morphology and decrease
spontaneous movement of the larvae.

In adults, our findings demonstrated that glyphosate or Roundup® exposure
reduced the distance traveled, the mean speed and the line crossings in fish exposed to
the concentrations of 0.5 mg/L glyphosate and 0.065 and 0.5 mg/L of Roundup®. Other
studies observed the change of this parameter with other toxic agents. Bortolotto et al.
(2014) showed that the pesticide paraquat can alter locomotion parameters in zebrafish
adults, resulting in decreased of locomotion and distance traveled 24 h after injection of
this herbicide. Pereira er al. (2012) described that exposure to endosulfan, a broad
spectrum organochlorine pesticide, decreased line crossings, distance traveled, mean
speed, and body turn angle in adults zebrafish when compared with the control groups.
Tilton et al. (2011) observed that chlorpyrifos, an organophosphate pesticide,
significantly reduced the treated adult animal’s swimming rate for 24 h. Our findings
indicate that isolated or commercial forms of glyphosate are also able to modulate
locomotion in adult zebrafish.

In addition, we found a significant impairment in long-term memory in the
inhibitory prevention task for the highest concentration of Roundup®, suggesting that
this pesticide induces memory impairment. In contrast to our findings, Pereira et al.
(2012) observed that the exposure to 2.4 pg endosulfan/L for 96 h neither altered
training session nor test session. The study of Balbuena et al. (2015) showed that after
ingesting food contaminated with glyphosate impaired navigational memory in foraging
honeybees. In this study, our results have shown that exposure to glyphosate or
Roundup® decreases the time fish spent in the segment nearest to the mirror, indicating

impairment in agressive behavior. Aggressive behavior and memory are very important
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regarding resources dispute, nesting sites dispute and mate dispute and this impairment
could be very harmful to fish living in the wild.

The significant alterations observed concerns for the potential toxicity of this
herbicide to fish populations inhabiting contaminated rivers. Our data raises concerns
about the potential for environmental relevant concentrations of glyphosate and
Roundup” to affect wild fish populations, even at concentrations that are found in the
environment. Our data suggest that there is small differences bettween glyphosate and
Roundup®, both altering morphological and behavior parameters in zebrafish larvae and
in adults, behavior was impaired.

Our results showed that both glyphosate and Roundup® are toxic to larvae and
adult zebrafish. Several authors have suggested that the toxicity of Roundup® may be
derived from synergistic effects between glyphosate and other formulation products,
such as a surfactant that enhances the penetration of glyphosate through the plant cuticle
(Cubhra et al, 2013). Folmar et al. (1979) compared the acute toxicity of technical-grade
glyphosate acid, Roundup®, isopropylamine saltof glyphosate, and surfactant to several
freshwater invertebrates and fishes. The authors observed that acute toxicity of the
surfactant and Roundup® formulation were similar, which corroborates the findings of
this study. An interesting perspective from this work is to investigate the
neurobiological basis of the observed effects.

Our results indicate that the current toxicity levels allowed in water bodies
causes zebrafish larvae to decrease its exploratory behavior. This could unbalancing fish
population (e.g. increase predation or alter resources dispute). Therefore, it is necessary
that more studies evaluate if the tolerable glyphosate levels in the water should be

changed.
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Figure 1. Exploratory behavior of glyphosate and Roundup®-treated zebrafish
larvae. Distance traveled (a), absolute turn angle (b), time mobile (c). Data are
expressed as the mean £ S.E.M. from 36 animals analyzed individually for each group
and were analyzed by one-way analysis of variance (ANOVA) followed by post-hoc

comparisons using Tukey corrections. (* indicates < 0.05, *** indicates p< 0.001).
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Figure 2. 7 dpf larvae escape behavior from an aversive stimulus (charts were
plotted with means and S.E.M. (n = 45 per group), escape responses to a non-stimuli
area). Data analyzed by one-way analysis of variance (ANOVA) followed by post-hoc
comparisons using Tukey corrections. The animals exposed to glyphosate and
Roundup® showed diminished escape responses when compared to control group (*
indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p <

0.0001).
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Figure 3. Morphological parameters of control, glyphosate and Roundup®-
treated zebrafish larvae. Surface area (a), body length (b) and ocular distance (c). Data
are expressed as mean £ S.E.M. from 30 animals analyzed individually for each group
and were analyzed by one-way analysis of variance (ANOVA) followed by post-hoc
comparisons using Tukey corrections. (** indicates p < 0.01, *** indicates p < 0.001,

*#%* indicates p < 0.0001).
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Figure 4. Exploratory behavior of control and glyphosate and Roundup®-treated
adult zebrafish. Distance traveled (a), mean speed (b), time mobile (c), line crossing (d)
and time spent in upper zone (e). Data are expressed as the mean + S.E.M. from 16
animals analyzed individually for each group and were analyzed by one-way analysis of
variance (ANOVA) followed by post-hoc comparisons using Tukey corrections. (**

indicates p < 0.01, *** indicates p < 0.001).
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Figure S. Inhibitory avoidance task performance on training and long-term
memory test sessions of control and glyphosate and Roundup®-treated adult zebrafish
after 96h of exposure. Data are presented as mean = S.E.M from 17 animals analyzed
individually for each group. (* indicates p < 0.05, ** indicates p < 0.01). No differences
were found between training performance among in 0.065 and 0.5 Roundup® treated

groups as evaluated by Kruskal-Wallis test.
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Figure 6. Effects of glyphosate and Roundup”-induced aggression deficits in
zebrafish. The data are expressed as the mean £ S.E.M. (n = 26 per group), and were
analyzed by one-way analysis of variance (ANOVA) followed by post-hoc comparisons
using Tukey corrections. (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p <

0.001, **** indicates p < 0.0001).
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4 CONSIDERACOES FINAIS

O crescimento mundial da populagdo tem for¢ado o aumento na produgdo de
alimentos nos ultimos anos. A abertura de novas fronteiras agricolas, a intensifica¢do do
uso do solo, a utilizagdo de fertilizantes de variedades melhoradas, o uso de
agroquimicos, e, recentemente, a introdu¢do de plantas transgénicas, além de outras, sdo
tecnologias utilizadas visando a maior producdo de alimentos (Oliveira e Brighenti,
2011).

Um pacote tecnoldgico para a obtencdo de elevada produtividade das culturas
necessita conter um componente de manejo adequado de plantas daninhas, o qual pode
ser realizado basicamente com a utilizagdo de herbicidas. Por isso, a agricultura
brasileira cada vez mais tem feito uso desses insumos quimicos, € isso acarreta em uma
sériec de problemas ecoldgicos. Sua aplicagdo indiscriminada acarreta intimeros
problemas, tanto para satde dos aplicadores e dos consumidores, como para o meio
ambiente, contaminando o solo, a d4gua e levando a morte plantas e animais.

O herbicida mundialmente mais utilizado ¢ o glifosato, seu amplo uso em varias
culturas tem-se mostrado vantajoso em relacdo a varios métodos de controle de plantas
daninhas. Aspectos relacionados a toxicologia, ecotoxicologia, facilidade de manuseio,
eficacia de controle, ganhos de produtividade, entre outros, tornaram esse herbicida um
lider mundial de vendas. Porém, a contaminagdo do meio aquatico por esse composto
compromete a sanidade do ecossistema local e pode trazer prejuizos a populagdo
humana que faz uso desses recursos. Varios estudos tém demonstrado a existéncia e
persisténcia do glifosato em corpos hidricos proximos a areas de cultivo (Giesy et al.,
2000).

Estudos sobre a toxicidade do glifosato e outros elementos quimicos permitem

determinar as respostas de um dado organismo a contaminacdo por estes elementos,
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bem como avaliar o impacto e o efeito destes sobre células, tecidos e 6rgaos, e ainda
inferir sobre possiveis perturbagdes metabdlicas morfologicas e comportamentais
(Pandrangi et al., 1995).

No estudo apresentado no Capitulo 1 desta dissertacdo, realizamos uma
avaliagdo dos efeitos do herbicida glifosato na sua forma isolada e na sua forma
comercial (Roundup®) sobre a morfologia ¢ comportamento de larvas de peixe-zebra e
sobre o comportamento do peixe-zebra na fase adulta. Este estudo demonstrou que a
exposicio do peixe-zebra ao glifosato ou ao Roundup” induz mudangas
comportamentais e morfologicas em diferentes estdgios de desenvolvimento deste
animal.

Nossos resultados demonstraram que a exposi¢do de larvas de peixe-zebra a
concentragdo mais baixa e intermedidria de glifosato na sua forma isolada ndo altera as
medidas morfoldgicas, como o comprimento do corpo e a area superficial dos olhos. No
entanto, a exposicao a maior concentracao (0,5 mg/L) pode induzir efeitos a longo prazo
capazes de diminuir a distdncia ocular. A exposicdo a todas as concentragdes de
Roundup® (0.01, 0.065 ¢ 0.5mg/L) em estagios iniciais de desenvolvimento foi capaz de
diminuir o comprimento do corpo da larva. Este estudo mostrou que a exposi¢ao de 96h
a esses herbicidas causa alteragdes morfologicas nas larvas de peixe-zebra.

Similarmente aos nossos resultados, um estudo conduzido por Zhang et al.
(2017) também mostra que a exposicdo de larvas de peixe-zebra por 96h a
concentragdes de 100 a 400 mg/L de glifosato resultou em comprimentos de corpo mais
curtos, olhos e cabecas menores. Curiosamente, na exposi¢ao a concentragdo mais baixa
de glifosato (0,01lmg/L) ndo houve diferencas morfoldgicas em comparacdo com o
grupo controle, resultado também obtido em nosso estudo. Ressaltamos que as

diferencas nas concentra¢des de glifosato ¢ Roundup®, além do tempo de tratamento,
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podem influenciar nos padroes comportamentais observados nas larvas de peixe-zebra.

Estudos também mostraram que outros agentes tdxicos podem causar
numerosas alteragdes morfoldgicas nas larvas de peixe-zebra. A exposi¢ao ao fungicida
tebuconazol, durante 120h, foi capaz de aumentar a distancia ocular em larvas expostas
a 4 mg/L (Altenhofen et al., 2017). Um efeito semelhante também foi observado no
estudo de Weber et al.,, (2013) onde larvas de peixe-zebra foram expostas a
concentragdes de até 10 ppm (perto do limite de solubilidade na agua) da atrazina
durante o seu desenvolvimento (de 1 a 120 hpf) e os dados mostraram que larvas em
todos os tratamentos de atrazina tiveram um aumento significativo no comprimento da
cabega em comparagdo com o controle.

Além disso, o glifosato causou alteragdes comportamentais em animais que sao
submetidos ao tratamento no estagio larval. Nosso estudo demonstrou que a exposicao
ao glifosato e ao Roundup”® na menor e na maior concentragio (0,01 e 0,5 mg/mL)
foram capazes de alterar o comportamento de natacdo das larvas de peixe-zebra,
reduzindo a distancia percorrida. Este efeito também foi observado no angulo de giro
absoluto dos animais na menor concentracdo (0,01 mg/L), o que indica que tanto o
glifosato como o Roundup” sdo capazes de alterar o padrio de natagio das larvas,
independentemente da sua concentragao.

Alguns estudos corroboram nossos resultados, também demonstrando que outros
agentes toxicos podem alterar pardmetros exploratorios em larvas de peixe-zebra.
Andrade et al. (2016) mostraram que o fungicida carbendazim induziu mudangas na
atividade locomotora de larvas de peixe-zebra com 120hpf e durante o periodo claro
observaram-se uma diminui¢do significativa na distancia percorrida em concentragdes
acima de 0,8 g/L. Jin et al. (2016) mostraram que a exposi¢ao ao fungicida de imazalil

apos 96 h, especialmente em altas concentragdes, resultou em diminui¢ao da atividade
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locomotora em larvas de peixe-zebra. Tanto a distdncia, como a velocidade da natagdo
foram significativamente menores nos grupos tratados com 100 e 300 mg/L de imazalil
do que no grupo controle. Liu et al. (2016) e Pérez et al. (2013) mostraram que as
distancias dos grupos tratados com 100 e 300 mg/L apdés 120h de exposi¢ao ao
herbicida atrazina, foram significativamente menores do que as do grupo controle.

Nossos achados demonstraram diferencas significativas no nado das larvas de
peixe-zebra, no que se refere ao comportamento aversivo, apos a exposicao ao glifosato
e ao Roundup®, ou seja, houve um aumento do nado na regido nio estimulada da placa,
quando comparado ao grupo controle. Esse efeito foi observado em todos os grupos,
com excegdo da concentragio mais baixa de Roundup® (0,01mg/L). Através destes
resultados, sugere-se que larvas de peixe-zebra expostas ao glifosato ou Roundup®
podem ser mais suscetiveis a predagdo, pois seu estado locomotor diminuiu
significativamente, apos essa exposicao ao herbicida.

Além disso, a exposicdo ao glifosato pode alterar a morfologia e o
comportamento normais das larvas mesmo na concentragdo que ¢ proxima a
concentragdo ambiental permitida de glifosato (0,01 mg/L), indicando que o glifosato
ambiental pode alterar os comportamentos do organismo e diminuir o movimento
espontaneo das larvas.

Além das mudangas comportamentais nos estagios iniciais de desenvolvimento,
a exposi¢do prolongada ao glifosato e o Roundup® também podem causar alteragdes no
comportamento do adulto. Nossas descobertas demonstraram que o glifosato e a
exposi¢do ao Roundup® reduziram a distdncia percorrida, a velocidade média e o
cruzamento da linha em concentracdes de 0,5 mg/L de glifosato e 0,065 ¢ 0,5 mg/L de
Roundup®. Outros estudos demonstram a mudanga deste parimetro com outros agentes

toxicos. Bortolotto et al. (2014) mostraram que o pesticida paraquat pode alterar os
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parametros de locomocdo em peixe-zebra adultos, resultando em diminuicdo da
locomogdo e distancia percorrida 24 h apods a injecao deste herbicida. Pereira et al.
(2012) relataram neste estudo que, apés a exposicao durante 96h ao endosulfan, um
pesticida organoclorado de amplo espectro que ainda ¢ amplamente utilizado em muitos
paises em desenvolvimento, houve diminuicdo dos cruzamentos de linha, distancia
percorrida, velocidade média e angulo de inclinagdo em peixes-zebra de adultos, quando
comparado com os grupos de controle. Tilton et al. (2011) observaram que o clorpirifos,
um pesticida organofosforado, reduziu significativamente a taxa de natagdo do animal
adulto tratado durante 24 h, sendo que trés animais no grupo de tratamento de
clorpirifos, de maior concentracdo, apresentaram respostas toxicas claras com
contracdes musculares a medida que nadavam.

Além disso, verificamos um comprometimento significativo na memoria de
longo prazo na tarefa de prevencdo inibitdria para o peixe-zebra adulto que ficou
exposto a concentragio mais alta de Roundup”, sugerindo que esse pesticida induz
efeitos neurotoxicos significativos. Entretanto, Pereira et al. (2012) demonstraram que a
exposicao ao endosulfan ndo promoveu comprometimento na formagdo de memoria a
longo prazo em peixes-zebra adultos. Ja o estudo de Balbuena et al. (2015) foi capaz de
mostrar que, depois de ingerir alimentos contaminados com glifosato, houve atrasos na
memoria de navegagdo de abelhas, levando mais tempo para realizar voos diretos para o
lar.

Sobre o comportamento agressivo dos peixes adultos, nossos resultados
mostraram que o glifosato ¢ o Roundup” mantém os animais no segmento do aquario
mais longe do estimulo, além de diminuir o nimero de entradas na zona onde ha o
estimulo, sugerindo uma diminui¢do do comportamento agressivo destes animais, em

relacdo ao grupo controle.

55



As alteragdes observadas sugerem uma potencial toxicidade deste herbicida para
as populagdes de peixes que habitam rios contaminados. Nossos dados geram
preocupacdo sobre as concentragdes ambientais permitidas de glifosato, ja que, mesmo
em concentracdes proximas as concentragdes ambientais, pode haver efeitos adversos
para a saude e mudancas comportamentais ¢ morfologicas em populacdes de peixes
selvagens. Os efeitos observados nos nossos experimentos mostram que houve
pequenas diferencas entre os resultados gerados pelo glifosato na sua forma isolada e
pelo glifosato na sua forma comercial (Roundup®), tanto nas larvas de peixe-zebra
como nos peixes-zebra adultos, sugerindo mecanismos semelhantes de toxicidade em

ambas as substancias.
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ANEXO

@ Eu A& Pontificia Universidade Catdlica do Rio Grande do Sul
PRO-REITORIA DE PESQUISA, INOVAGAO E DESENVOLVIMENTO

PUCRS COMSSAO DE ETICA NO USO DE ANINAIS

Oficio 06/2016 - CEUA Porto Alegre, 21 de janeiro de 2016.

Prezado Sr(a). Pesquisador(a),

A Comissao de Etica no Uso de Animais da PUCRS apreciou e aprovou seu
Protocolo de Pesquisa, registro CEUA 15/00493 intitulado “Efeitos da exposi¢do ao
glifosato sobre parametros comportamentais e neuroquimicos em Peixe-Zebra".

Sua investigagao, respeitando com detalhe as descrigdes contidas no projeto e
formularios avaliados pela CEUA, esta autorizada a partir da presente data.

Informamos que & necessdrio o encaminhamento de relatdrio final quando
finalizar esta investigacao. Adicionalmente, ressaltamos que conforme previsto na Lei
no. 11.794, de 08 de outubro de 2008 (Lei Arouca), que regulamenta os
procedimentos para o uso cientifico de animais, & fungdo da CEUA zelar pelo
cumprimento dos procedimentos informades, realizando inspe¢des periddicas nos
locais de pesquisa.

N° de Animais Espécie Duragdo do Projeto
1.092 Danio rerio 08/2015 - 07/2017
Atenciosamente,
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Prof. Dr. Joao Batista Blessmann Weber
Coordenador da CEUA/PUCRS

lima. Sra.

Profa. Dra. Carla Denise Bonan
FABIO

Nesta Universidade
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MRS Av. Ipiranga, 6681 - P. 99 - Partal Tecnopuc - sals 1512

CEP: 90615-900 - Porto Alegre/RS
Fone: (51) 3353-6365
E-mail: ceyad@pucrs.or
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