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Resumo geral

Bivalves sdo organismos filtradores que podem ser expostos a uma variedade de
estressores presentes nos ambientes aquaticos. Dentre estes estressores, o clorotalonil tem
sido amplamente encontrado em ecossistemas marinhos e estuarinos devido ao seu uso
em formulagdes de tintas anti-incrustantes e em herbicidas. Entretanto, varios efeitos
toxicos a organismos nao-alvo tém sido relacionados ao seu uso. Neste sentido, o objetivo
do presente estudo foi avaliar os efeitos do clorotalonil sobre aspectos moleculares,
bioquimicos e imunologicos em mexilhdes Perna perna. Para isto, foram realizados
ensaios de exposicdo ao clorotalonil por 24h e 96h nas concentragdes de 0,1pg/L e
10pg/L. Primeiramente, avaliou-se os efeitos do composto sobre a hemolinfa, para
observar alteragdes na imunidade dos organismos. Citotoxicidade e inducdo de
parametros imunes como adesdo celular e fagocitose foram observados. Em um segundo
momento, avaliou-se as branquias dos mexilhdes. Neste tecido, foi observada a expressao
de genes relacionados a processos de biotransformacdo de xenobidticos e defesa
antioxidante. Aumentos na transcricdo dos genes AhR-like, CYPI1A2-like, GSTO-like,
MGST-like, SULT1A41-like e SOD-like foram observados nos organismos expostos a 10
ug/L de clorotalonil. Por ultimo, tanto as branquias quanto a glandula digestiva foram
analisadas. Em ambos tecidos, foi avaliado o sistema de defesa antioxidante e a
capacidade do biocida de causar dano oxidativo. Apesar da auséncia de dano, o biocida
alterou a atividade e o nivel dos componentes do sistema de defesa antioxidante.
Enquanto que nas branquias foi notado um aumento na atividade da SOD, uma redugao
foi observada na glandula. Neste orgdo, os niveis de glutationa também estavam
diminuidos. Os efeitos do biocida, notados em varios processos celulares relacionados a

defesa dos organismos, ressalta seu potencial toxico em uma escala tecidual e celular. A



nivel individual, o clorotalonil, em conjunto com a exposi¢do aérea reduziu a

sobrevivéncia dos mexilhdes, demonstrando sua alta toxicidade e efetividade.

Palavras-chave: bivalves; expressdo génica; imunidade; sistema de defesa antioxidante;

toxicidade.



Abstract

Mussels are filter-feeding organisms which can be exposed to a variety of stressors
presented in the aquatic environment. Among those stressors, the biocide chlorothalonil
is widely found in marine and coastal ecosystems due to its presence in antifouling paints
and herbicides. However, many toxic effects related to its use have been reported for non-
target organisms. In this sense, the aim of the present study was to evaluate the effects of
chlorothalonil in molecular, biochemical and immunological aspects of mussels Perna
perna. For this, mussels were exposed to chlorothalonil for 24h and 96h to the
concentrations: 0.1pug/L and 10ug/L. Firstly, the effects of the compound were evaluated
in the hemolymph, to observe alterations in the immunity of organisms. Cytotoxicity and
induction of immunological parameters, such as cellular adhesion and phagocytosis were
observed. In a second moment, the gills of mussels were analyzed. In this tissue, the
expression of genes related to the biotransformation process and antioxidant defenses
were evaluated. Increases in the transcripts of the genes AhR-like, CYP1A2-like, GSTO-
like, MGST-like, SULTI1A1-like and SOD-like were observed in organisms exposed to
10ug/L of chlorothalonil. Then, both gills and digestive gland were analyzed. In both
tissues, the antioxidant defense system was assessed, as well as the generation of
oxidative damage. Despite the absence of damage, the biocide altered the activity and
level of the components of the antioxidant defense system. While in the gills increases in
the activity of SOD were noticed, in digestive gland, decreases were observed. In this
organ, the levels of glutathione were also decreased. The effects of chlorothalonil noticed
in many cellular processes related to general defenses, highlights its toxic potential in a
tissue and cellular scale. To an organismic level, chlorothalonil, together with the aerial
exposure, reduced the survival rate of the mussels, demonstrating its elevated toxicity and

effectiveness.



Keywords: antioxidant defense system; bivalves; mRNA levels; immunity; toxicity.

Introducao Geral

Bivalves s3ao importantes constituintes dos ecossistemas aquaticos. Sao
organismos filtradores, capazes de promover a ciclagem de nutrientes ¢ de remover
grandes quantidades de materiais em suspensdo da coluna d’agua (Dame, 1996). Além
disto, sdo importantes na cadeia trofica, onde servem de alimento para diversos
organismos. Considerados indicadores bioldgicos de poluigdo (Viarengo & Canesi,
1991), estes individuos tém sido utilizados em programas de monitoramento ambiental
devido as suas caracteristicas (Goldberg, 1986). A habilidade de filtrar grandes
quantidades de agua, somada ao habito séssil destes organismos, os tornam susceptiveis
a agdo de diversos estressores ambientais presentes na dgua, principalmente aqueles de

origem antrdpica (Cunha et al., 2017; Blaise et al., 2016).

Deve ser ressaltado que, em um contexto ecotoxicologico, os principais Orgaos
envolvidos em importantes processos celulares em mexilhdes, sdo as branquias e a
glandula digestiva. Como a branquia ¢ considerada o primeiro 6rgao de contato com o
meio externo (agua do mar), ¢ esperado que este 6rgao tenha alta capacidade de defesa
contra contaminantes ambientais (Hayton & Barron, 1990; Trevisan et al., 2016). De fato,
as branquias parecem agir como uma barreira metabodlica, sendo o principal o6rgao
relacionado aos eventos de biotransformacdo ¢ de defesa antioxidante (Ahmad et al.,
2011; Trevisan et al., 2016). A glandula digestiva, por outro lado, ¢ considerada um
importante 6rgdo em processos digestivos (Faggio et al., 2018). Porém, estudos tem

reforcado a ideia de que, como as branquias, este 6rgdo pode atuar em processos de
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detoxificagdo (Solé¢ & Livingstone, 2005). Devido a uma maior expressao de enzimas
monooxigenases neste tecido (citocromo P450), sugere-se que este 6rgao pode ser uma
importante ferramenta de alerta precoce para os efeitos biologicos adversos ocasionados

pelos xenobiodticos (Domouhtsidou & Dimitriadis, 2001; Faggio et al., 2018).

Para a espécie de mexilhdo Perna perna, estudos t€ém observado diversas
alteracdes fisioldgicas, tanto nas branquias quanto na glandula digestiva, em fun¢do da
exposi¢do dos organismos a estressores quimicos (Lavradas et al., 2016; Nogueira et al.,
2015). Como as demais espécies de mexilhdes pertencentes a classe Bivalvia, estes
individuos apresentam uma alta capacidade de acumular contaminantes ambientais em
seus tecidos (Belabed et al., 2013; Ansari et al., 2016). Isto, por sua vez, pode ser
considerado um problema, ja que os mexilhdes P. perna sdo amplamente cultivados nas
regides brasileiras, venezuelanas e africanas a fim de satisfazer o consumo humano (FAO,
2018). De acordo com a Fisheries and Aquaculture Department (FAO, 2018), cerca de
12.000 toneladas de mexilhdes P. perna foram produzidas no Brasil apenas no ano 2000.

Sendo assim, regides onde estes organismos sdo cultivados devem ter niveis aceitaveis de

compostos quimicos nos ambientes.

Dentre os contaminantes ambientais muito empregados atualmente, podem ser
destacados alguns componentes de tintas anti-incrustantes. Essas tintas foram
desenvolvidas com o objetivo de reduzir a incrustagdo marinha em embarcagdes e, por
1sso, contém compostos quimicos (biocidas) que irdo afetar o desenvolvimento e o
crescimento de bactérias, micro-organismos, algas e pequenos invertebrados (Amara et
al.,, 2018). Segundo a revisdao de Kotrikla (2009), a utilizagdo de compostos anti-
incrustantes em embarcagdes € justificada pelos seguintes motivos: aumento da fricgdo
entre o casco da embarcacao e a agua, o que demanda uma maior poténcia dos motores;

aumento do peso da embarcacdo, o que pode refletir diretamente no consumo de
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combustivel, aumento das taxas de corrosdo do casco da embarcacao; aumento da
frequéncia de docagens, o que pode gerar um incremento de custos e de residuos gerados;
e introducao nao-intencional de espécies exoOticas nos ambientes aquaticos. Portanto,
historicamente, diversos sistemas anti-incrustantes foram incorporados pela industria
naval com o objetivo de reduzir os custos adicionais causados pela incrustacdo marinha.
Inicialmente, esse processo era evitado através do revestimento dos cascos das
embarcagdes com piche, alcatrao, 6leo de baleia, chumbo, enxofre e arsénio (Woods Hole
Oceanographic Institution, 1952; Omae, 2001). Como estes compostos eram pouco
efetivos e pouco duradouros, em meados do século 19, surgiram os biocidas considerados
de primeira-geragdo que continham como componentes principais os 6xidos de cobre e
de zinco (Omae, 2001). Apesar de apresentarem alta atividade biocida inicial, tintas com
estes compostos deveriam ser reaplicadas entre os periodos de docagem, pois perdiam
sua eficiéncia ao longo do tempo (Yebra et al., 2004). Portanto, durante a década de 60,
tintas consideradas mais duradouras e efetivas foram desenvolvidas. Estas tintas, a base
de compostos organoestanicos, como o tributilestanho (TBT) e o trifenilestanho (TPT),
foram amplamente empregadas, chegando a revestir cerca de 90% de todas as
embarcacdes presentes no mundo (Castro et al., 2011; Omae, 2001). Apesar de
extremamente efetivas, estas tintas consideradas de segunda-geracdo representaram um
perigo ao meio ambiente: uma elevada toxicidade a biota aquatica ndo-alvo e, também,
uma elevada persisténcia destes compostos no ambiente foi observada (Evans et al., 2000;
Omae, 2003; Coelho et al., 2006; Ofoegbu et al., 2016). Logo, tintas consideradas mais

seguras, foram desenvolvidas e, as de segunda geragdo, banidas.

Atualmente, as tintas anti-incrustantes apresentam em sua composi¢ao biocidas
inorganicos (geralmente 6xido cuprico — Cu0) e co-biocidas, os quais potencializam o

efeito biocida gerado pelos metais presentes nas tintas (Hellio & Yebra, 2009). Em geral,
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estes co-biocidas representam cerca de 0,1% a 10 % da composicdo da tinta anti-
incrustante e, dentre os mais utilizados estdo o clorotalonil, o Irgarol 1051, o diuron, a

diclofluanida e o DCOIT (Hellio & Yebra, 2009; Martins et al., 2017).

O clorotalonil (2,4,5,6—tetracloro isoftalonitrila) (Fig. 1), por exemplo, ¢ um
organoclorado do grupo das isoftalonitrilas que representa os sistemas anti-incrustantes
de terceira geragdo, devido a sua alta efetividade (Voulvoulis et al., 2002). Inicialmente
introduzido como um potente fungicida na agricultura (Caux et al., 1996), este composto
foi considerado menos téxico do que os compostos organoestanicos, como o TBT e o
TPT, justificando seu uso como biocida em formulagdes de tintas anti-incrustantes
(Thomas et al., 2001; Voulvoulis et al., 2002). Atualmente, sua presenga em ambientes
aquaticos pode ser decorrente tanto de sua utilizagdo como fungicida na agricultura

quanto como co-biocida em tintas anti-incrustantes (Konstantinou & Albanis, 2004).

CN
Cl Cl
Cl CN
Cl
CLOROTALONIL

Figura 1. Estrutura do clorotalonil (2,4,5,6—tetracloro isoftalonitrila).

Dados do Ibama (Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais
Renovaveis) sugerem que o clorotalonil, amplamente empregado em lavouras de banana,
batata, cenoura, feijao, meldo, melancia, pepino, pimentdo, soja, tomate e uvas, foi um

dos fungicidas mais comercializados no Brasil dos anos de 2000 a 2017 (IBAMA, 2017).
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Registros do Instituto apontam que as vendas do produto chegaram proximas a 5 mil
toneladas ao total apenas no ano de 2017.

Estudos que avaliaram os niveis de clorotalonil em ambientes aquaticos
demonstraram que o mesmo pode ser encontrado em diversas épocas do ano e em
concentragdes variaveis (Lee et al., 2010; Sakkas et al., 2002a, Voulvoulis et al., 2000).
Em regides costeiras da Grécia e da Coréia foram encontradas concentragdes proximas a
0,07 ng/L de clorotalonil na agua do mar (Lee et al., 2010; Sakkas et al., 2002a), enquanto
que para regides do Reino Unido os niveis encontrados do composto ficaram em torno de
1,38 pg/L nas regides de marinas (Voulvoulis et al., 2000). Pouco se sabe sobre os niveis
deste composto em aguas brasileiras. De acordo com a Resolugdo Conama n° 396 de
2008, o limite de quantificacao praticavel referente ao clorotalonil ndo deve exceder 0,1
pg/L.

Em relagdo a persisténcia do composto nos diferentes ambientes aquaticos, 0s
estudos tém demonstrado que o mesmo apresenta uma relativa rapida degradacdo em
ecossistemas marinhos (Caux et al., 1996; Sakkas et al., 2002b). Voulvoulis e
colaboradores (2000) observaram que o composto pode ser degradado em até 4 semanas
em ambientes marinhos naturais. Porém, a degradagdo do clorotalonil pode ser mais
rapida dependendo da natureza do corpo d’agua e de fatores como presenca de micro-
organismos e quantidade de matéria organica (Walker et al., 1988; Sakkas et al., 2002b).
No estudo de Walker e colaboradores (1988), por exemplo, a degradagdo do clorotalonil
¢ considerada mais rdpida em aguas estuarinas e marinhas (meia vida cerca de 8-9 dias)
do que em agua esterilizada, o que sugere uma contribuicdo microbiana ao processo.

Apesar da degradacdo deste composto ser relativamente rapida, a presenca do
mesmo no ambiente aquatico, bem como dos seus subprodutos (Fig. 2) provindos da sua

degradacdo, pode induzir efeitos toxicos a diversos organismos. Estudos tém sugerido
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que um dos principais produtos da sua degradacdo, o 4-hidroxi-2,5,6-tricloro-
isoftalonitrila, pode ser detectado em ambientes marinhos por até 8 meses apos a
aplicacdo do composto original, exercendo assim certa toxicidade a mais para organismos
nao-alvo do produto (Caux et al., 1996; Sakkas et al., 2002a). Considerando apenas a
toxicidade do clorotalonil, o estudo de Bellas (2006) observou que o mesmo pode alterar
o desenvolvimento embrionario de mexilhdes Mytilus edulis, de ouricos Paracentrotus
lividus e de ascidias Ciona intestinalis. Além disto, o composto pode interferir no
desenvolvimento larval das ascidias € no crescimento larval dos ouri¢cos, como mostra
ainda o estudo de Bellas (2006). Em bivalves, estudos também demonstraram que o
clorotalonil pode afetar a deposicdo de calcio na concha (USEPA, 1999). De maneira
geral, muitos estudos com diferentes espécies animais tém demonstrado efeitos toxicos
do clorotalonil, como mortalidade ¢ alteragdes de desenvolvimento, em concentracdes na
ordem de pg/L (Tabela 1). Portanto, os niveis de clorotalonil encontrados em alguns

ambientes aquaticos podem estar induzindo toxicidade a biota aquética.
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CN

Cl Cl

cl CN

2.4.5 6-tetracloroisoftalonitrila

CN
CN
cl cl
B
cl CN
cl 3/ / CN
H
Tricloro-dicianobenzo 4-hidroxi-2.5.6-tricloroisoftalonitrila

Figura 2. Principais subprodutos da degradagao do clorotalonil em 4gua do mar.
Modificada do trabalho de Kwon & Armbrust, 2006.

Em geral, os estudos sugerem que o mecanismo de acdo toxico do clorotalonil
pode estar relacionado a sua afinidade por grupos sulfidrila de peptideos e proteinas (Long
& Siegel, 1975; Tillman et al., 1973). Neste sentido, diversos estudos foram conduzidos
a fim de avaliar quais seriam os possiveis alvos do composto. No estudo de Tillman e
colaboradores (1973), os autores observaram que o clorotalonil, além de ser rapidamente
acumulado no interior das células do fungo Saccharomyces pastorianus, reagia com as
moléculas de glutationa (GSH) presentes, possivelmente através dos residuos tiol do tri-
peptideo. De maneira semelhante, Long e Siegel (1975) demonstraram em analises in
vitro que o clorotalonil tem a capacidade de interagir com a enzima gliceraldeido-3-
fosfato desidrogenase (GAPDH) através também do grupo sulfidrila presente na estrutura

da molécula. Esta interacdo do clorotalonil com a GAPDH, por exemplo, provoca uma
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queda da sua atividade enzimatica, como observado por Davies (1985). Outra enzima que
tem sua atividade alterada devido a exposicao ao clorotalonil ¢ a NADPH oxidase, ja que
a mesma contém grupos sulfidrila em sua estrutura (Siems et al., 1997). Ficando claro,
assim, a afinidade do composto por moléculas que apresentem residuos -SH sensiveis.

E importante destacar que Gallagher e colaboradores (1991) demonstraram que a
ligacdo entre GSH e clorotalonil ¢ catalisada pela glutationa S-transferase (GST), uma
importante enzima envolvida em processos de biotransformagdo e defesa antioxidante.
Estes autores puderam observar que, animais expostos ao composto, aumentavam a
atividade desta enzima, o que representa aos individuos uma protegao contra a toxicidade
do clorotalonil. De fato, esta interacdo do clorotalonil com os grupos sulfidrila de
peptideos e proteinas, pode ser prejudicial aos organismos. A GSH, por exemplo, que é
um importante tripeptideo presente em abundancia nas células, ¢ responsavel tanto pela
detoxificagdio de xenobioticos quanto pela defesa antioxidante (Pompella et al., 2003). E
através da GSH que ¢ mantida também a homeostase redox, o que diminui a formagao de
danos oxidativos induzidos por contaminantes ambientais (Lopez-Mirabal & Winther,
2008). Portanto, se a GSH for alvo de um xenobidtico, como parece ser com o
clorotalonil, diversos processos celulares podem estar sendo alterados ou comprometidos.
Neste sentido, € necessario avaliar os efeitos do clorotalonil sobre processos que
envolvem a GSH, como a biotransformagdo de xenobiodticos e o sistema de defesa

antioxidante.
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Tabela 1.

Efeitos do clorotalonil sobre espécies de vertebrados e invertebrados.

Espécie
Ascidias

Ciona intestinalis

Ouricos

Paracentrotus lividus

Bivalves

Mpytilus edulis

Crustaceos
Daphnia magna
Tigriopus japonicus

Palaemonetes pugio

Efeito Analisado

Inibi¢ao do desenvolvimento embrionario

Inibi¢ao do desenvolvimento larval

Inibicdo do desenvolvimento embrionario

Inibigdo do crescimento larval

Alteragao do desenvolvimento embrionario

Mortalidade

Mortalidade
Mortalidade

Mortalidade

Tempo de exposicao

48 h

48 h

48 h

48 h

96 h

96 h

48 h
96 h

96 h

Toxicidade Observada

CE50 =33 pg/L

CE50 =42 pg/L

CE50=6,6 ug/L

CE10=0,5 pg/L

CE50 = 8,8 pg/L

CL50 =15,9 mg/L

CL50 = 130 pg/L
CL50 =91 pg/L

CL50 = 152,9 pg/L

Referéncia

Bellas, 2006

Bellas, 2006

Bellas, 2006

Ernst et al., 1991

Ernst et al., 1991

Baoetal., 2011

Key et al., 2003



Amphiascus tenuiremis

Peixes
Oncorhynchus mykiss
Galaxias maculatus
Anfibios

Rana sphenocephala

Mortalidade

Mortalidade

Mortalidade

Mortalidade

96 h

96 h

24 h

24 h

CL50 =53 pg/L (fémeas)

CL50 = 26,7 pg/L (machos)

CL50=176 ng/L

CL50 = 23,7 pg/L

CL100 =82 pg/L

Bejarano et al., 2005

Bejarano et al., 2005

Ernst et al., 1991

Davies & White, 1985

McMabhon et al., 2011

*CE10 e CE50 = concentracdo de efeito para 10% e 50 % da populagdo; CL50 = concentracao letal para 50 % da populagao e CL100 =

concentragao letal para 100% da populagao.
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Como comentado anteriormente, os estudos de Gallagher e colaboradores (1991
e 1992) propdem que a metabolizacao do clorotalonil ocorra principalmente através de
enzimas de biotransformacdo, como a GST. Sendo assim, a biotransformacao de
xenobioticos € um processo essencial para a defesa dos organismos contra diferentes
compostos quimicos (Livingstone, 1998). Presente tanto em vertebrados quanto em
invertebrados, este processo tem a finalidade de tornar os compostos mais polares para
que sejam mais facilmente excretados (Oehlmann & Schulte-Oehlmann, 2003). A
biotransformacao de xenobidticos pode ser didaticamente dividida em duas fases: reagdes
de fase I, na qual ocorrem reagdes de hidrolise, redugao e oxidagao; e reagoes de fase II,
na qual ocorrem reacdes de conjugagdo (Oehlmann & Schulte-Oehlmann, 2003). Enzimas
pertencentes a familia citocromo P450 (CYPs) sdao consideradas importantes na fase I de
biotransformacao e sao responsaveis pela metabolizagao de diversos compostos quimicos
e substancias endogenas (Nebert et al., 2000). Em vertebrados, as CYPs estao distribuidas
em cerca de 18 familias ¢ um nimero crescente de subfamilias (Nebert et al., 2000). Os
substratos de cada uma destas familias de CYP sdo varidveis e, as vezes, se sobrepdem
(Nebert & Dalton, 2006). As familias de CYP1 e CYP2, por exemplo, possuem um
envolvimento com a oxidacao de xenobioticos € com a metabolizacdo de diversos
compostos endogenos, principalmente aqueles relacionados ao metabolismo do acido
aracdonico e ao dos eicosanoides (Nebert & Dalton, 2006). A familia CYP3, por outro
lado, tem um envolvimento maior com a metabolizacdo de substincias endogenas, tais
como, esteroides e acidos da bile, mas também ¢ relacionada a metabolizacio de algumas
drogas, como antifiingicos (Nebert & Russel, 2002). Portanto, as CYP1, CYP2 e CYP3
tém sido mais intensamente estudadas em termos de metaboliza¢dao de xenobidticos. Em
invertebrados, uma grande diversidade de CYPs também pode ser observada (Baldwin et

al., 2009; Guo et al., 2013; Zanette et al., 2010; 2013; Tian et al., 2014). Nestes



organismos, a familia CYP1 principalmente, apresenta um papel importante na oxidagao
de xenobidticos organicos (Pessatti et al., 2016; Zanette et al., 2010).

Em vertebrados, estas enzimas, principalmente a CYP1AI, tem sua transcrigao
regulada pelo receptor de hidrocarbonetos arila (AhR) (Hahn, 2002). Normalmente, o
AhR ¢ encontrado no citoplasma, onde forma complexos com proteinas chaperonas, as
quais sdo responsaveis por manter sua correta estrutura e dobramento (Larigot et al.,
2018). Uma vez que um ligante se conecta ao AhR, o mesmo se solta destas chaperonas
e ¢ translocado para o nucleo celular com o auxilio do translocador nuclear do receptor
de hidrocarbonetos arila (ARNT) (Larigot et al., 2018). Este complexo (AhR/ARNT) se
liga entdo aos elementos responsivos a xenobiodticos (XRE) encontrados no DNA
regulando, assim, a transcri¢@o de diversos genes de biotransformagao (Fig. 3) (Gu et al.,
2000; Nebert et al., 2000). Dentre estes genes, ja foram identificados dois genes de fase I
(CYPI e CYP2) e alguns genes de fase II de biotransformacdo (glutationa S-transferase e
UDP-glucuronosiltransferase) como sendo regulados pela via do AhR (Nebert et al.,

2000).
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Figura 3. Esquema de ativagdo da via de sinalizagdo do receptor de
hidrocarbonetos arila (AhR) em vertebrados. Nestes organismos, um ligante exdgeno,
como por exemplo o TCDD (2,3,7,8-tetra-chlorodibenzo-p-dioxina) (tridngulos rosas)
entra nas células e interage com o AhR. Este receptor se desprende das proteinas
chaperonas Hsp90 (circulo verde), da p23 (quadrado rosa) e da Xap2 (retangulo azul) e
interage com o ARNT (translocador nuclear de hidrocarbonetos arila). O complexo
AhR/ARNT migra para o nucleo celular onde interage com as sequéncias XRE presentes
no DNA e regula a transcri¢ao de genes alvo.

Em vertebrados, sdo conhecidos varios ligantes para o gene A#R. Dentre os mais
estudados se encontram alguns xenobidticos, como o 2,3,7,8-tetra-chlorodibenzo-p-

dioxina (TCDD) e o beta-naftoflavona (BNF); alguns compostos naturais, como os
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flavonoides; e alguns produtos do metabolismo enddgeno, como os metabdlitos do acido
aracdonico e o 6-formilindolo [3,2-B] carbazol (FICZ) (Larigot et al., 2018). Em
invertebrados, ainda se investiga quais seriam os ligantes desse receptor. Estudos tém
demonstrado que o AhR nao se liga aos cléssicos ligantes de vertebrados, tais como o
TCDD e o BNF (Butler et al., 2001; Reitzel et al., 2014). Porém, ja foi visto que os niveis
de mRNA deste receptor, tanto para o copépode Tigriopus japonicus quanto para o
bivalve Ruditapes philippinarum, podem ser induzidos talvez indiretamente, por varios
xenobidticos organicos, como o TBT (tributilestanho) e o benzo(a)pireno (BaP), podendo
assim, levar a alteragdes na indug¢do de outros genes presentes na via AhR (Kim et al.,

2015; Liu et al., 2010).

Como mencionado anteriormente, a biotransformagdo de xenobidticos pode
ocorrer também por reagdes de fase II. Nestas reacdes, o xenobidtico original ou os
metabolitos produzidos pelas reacdes de fase I sdo conjugados com varios substratos
endogenos, como peptideos, carboidratos, sulfatos e aminoacidos (Oehlmann & Schulte-
Oehlmann, 2003). Estas reacdes de fase Il promovem um aumento na polaridade dos
compostos, mas ndo necessariamente diminuem a toxicidade dos mesmos (Livingstone,
1985; Oehlmann & Schulte-Oehlmann, 2003). Dentre as enzimas que participam destas
reacOes, podem ser destacadas as enzimas glutationa S-transferase (GST),
sulfotransferases (SULT) e UDP-glucoronosil transferase (UDPGT) (Parkinson, 2001).
As SULT, por exemplo, sdo uma familia de enzimas citosolicas que catalisam a sulfatacao
de diversas substancias enddgenas e exdgenas, como hormdnios, neurotransmissores €
xenobioticos (Duffel, 2010). Ja as GST sao responsdveis por conjugar a GSH com
xenobioticos ou com subprodutos do metabolismo oxidativo (Boutet et al., 2004). Estas
ultimas, encontradas tanto no citosol, quanto nas mitocondrias € nos microssomos

(Oakley, 2005), possuem também um papel importante na defesa antioxidante (van der
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Oost et al., 2003; Burnmeister et al., 2008; Jozefczak et al., 2012). E interessante ressaltar
que, tanto os genes de GST e SULT, apresentam sequéncias XRE em suas regides
promotoras, podendo ser regulados transcripcionalmente pela via do AhR, tal como
ocorre com o gene CYPI (Rushmore, 1991). No entanto, ja foi observado que, em alguns
casos, como no dos genes de GS7, existem ainda, outras sequéncias regulatorias, como
as chamadas ARE (elementos de resposta a antioxidantes), que tem relagdo com uma
outra via de sinalizagdo: a do Nrf2 (nuclear factor erythroid 2-related factor 2)
(Rushmore, 1991).

O Nrf2 ¢ um fator de transcri¢ao, encontrado em vertebrados e invertebrados, que
tem por objetivo regular a transcricdo génica de varias proteinas envolvidas na prote¢do
celular, principalmente na protecdo contra danos oxidativos (Osbur & Kensler, 2008).
Através do aumento do ERO intracelular ou da presenca de compostos eletrofilicos, o
Nrf2 ¢ dissociado da proteina Keapl (Kelch-like ECH-associated protein 1) e,
consequentemente, se transloca para o ntcleo da célula, onde dimeriza com a proteina
Maf a fim de interagir com sequéncias consensus presentes no DNA (Fig. 4) (Dinkova-
Kostova et al., 2005; Regoli & Giuliani, 2014). Essas sequéncias, chamadas de ARE
(elementos de resposta a antioxidantes) estdo presentes em genes relacionados com a
defesa antioxidante, e, muitas vezes com a biotransformac¢ao de xenobidticos, sendo
alguns representantes a GCL, a CAT, a GPx, a SOD e a GST (Danielli et al., 2017a;
2017b; Osburn & Kensler, 2008; Rushmore et al., 1991). E interessante comentar que a
proteina Keapl apresenta em sua estrutura residuos de cisteina, os quais podem ser alvo

direto do agente toxico, inclusive do clorotalonil.
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Contaminantes
ambientais

CAT, SQD, GST
GCL, GR, GPx

Figura 4. Esquema de ativag@o da via de sinalizacdo do Nrf2 em vertebrados. O
Nrf2 pode ser ativado diretamente pelo contaminante ambiental (seta preta) ou
indiretamente pela producao de espécies reativas de oxigénio (ERO). Uma vez que o Nrf2
seja ativado, o complexo se dissocia € o Nrf2 se transloca para o ntcleo da célula. No
nucleo, o Nrf2 interage com proteinas Maf, formando heterodimeros, e interage com
sequéncias ARE (elementos responsivos a antioxidantes) presentes no DNA e regula a
transcri¢do de diversos genes alvo.

Em geral, ¢ sabido que muitos contaminantes ambientais possuem a capacidade

de agir como pro-oxidantes, estimulando a produgdo de espécies reativas de oxigénio

25



(ERO) (Regoli et al., 2011). Estas espécies reativas de oxigénio sao naturalmente
produzidas durante varios processos celulares relacionados ao metabolismo aerdbio,
desde a cadeia transportadora de elétrons a fosforilagdo oxidativa e a fagocitose (Regoli
et al.,, 2011). No entanto, sabe-se que alguns contaminantes ambientais possuem a
capacidade de aumentar os niveis das EROs formadas. Isso ocorre através de diversos
mecanismos, tais como por reagdes redox com o oxigénio; por auto-oxidacao e interacao
com as enzimas CYP, por indug¢do enzimatica, por diminui¢ao das defesas antioxidantes,
entre outros (Livingstone, 2001). Dentre as espécies reativas de oxigénio que podem ser
comumente observadas, podem ser citados os radicais superoxido (02°*), o perdxido de
hidrogénio (H203) e os radicais hidroxila (HO®), os quais podem danificar tanto lipidios,
quanto proteinas e DNA (Regoli et al., 2011; Jones, 2008). Os efeitos negativos das ERO
sdo, geralmente, controlados pelo sistema de defesa antioxidante.

Este sistema ¢ composto por enzimas antioxidantes, tais como a superoxido
dismutase (SOD), a catalase (CAT), a glutationa peroxidase (GPx) e a glutationa S-
transferase (GST); e por vérias substancias de baixo peso molecular, como a GSH e o a-
tocoferol; e tem como objetivo neutralizar e interceptar diversos destes intermediarios
toxicos e reparar eventuais danos que sejam formados (Regoli & Giuliani, 2014). A
superoxido dismutase e a catalase, duas das principais enzimas do sistema de defesa
antioxidante, sdo responsaveis por degradar o O>* e o H>O», respectivamente. Ja a
glutationa S-transferase, como mencionado anteriormente, ¢ a responsavel por catalisar a
reacdo da glutationa com xenobidticos eletrofilicos (Higgins & Hayes, 2011).

De acordo com Livingstone, (2001), a exposicao de organismos a contaminantes
ambientais pode levar a situagdes de estresse oxidativo. O estresse oxidativo, como
observado por Jones (2008), ¢ definido pelo desbalango entre a quantidade de pro-

oxidantes presentes nas células e pela atividade dos antioxidantes, mas em favor do
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primeiro, levando a uma alteracdo do balanco redox e da sinalizacao celular, resultando
em danos a macromoléculas, como lipidios e proteinas. De maneira geral, o sistema de
defesa antioxidante de mexilhdes P. perna pode ser amplamente afetado devido a
exposicao dos organismos a contaminantes ambientais. Autores demonstraram que,
cocaina e 6leo diesel, por exemplo, s3o xenobidticos que alteram a atividade das enzimas
que compdem este sistema, como SOD, GST e GPx e podem levar a situagdes de estresse
oxidativo, como anteriormente mencionado (Nogueira et al., 2015; Ortega et al., 2018).
No caso do clorotalonil, alguns estudos sugerem que o mesmo ¢ capaz de induzir estresse
oxidativo, como outros contaminantes. Recentemente, Barreto e colaboradores (2018)
demonstraram que, em poliquetas Laeonereis acuta, o clorotalonil alterou a atividade de
componentes enzimaticos € ndo enzimadticos do sistema de defesa antioxidante (GCL,
GSH e GST), reduziu a capacidade antioxidante total e aumentou o dano lipidico nos
animais expostos a concentragdes elevadas do composto (100 pg/L de clorotalonil)
(Barreto et al.,, 2018). Em outros estudos, este composto também pareceu induzir
alteragOes oxidativas através da alteragao da atividade de enzimas do sistema de defesa
antioxidante, como a SOD e a GST (Song et al., 2017; Wang et al., 2010). Este tltimo
autor (Song et al., 2017) observou aumentos na atividade da SOD e na GST em
microcrustaceos Daphnia magna expostos a concentracdes de 90 — 1.430 pg/L de
clorotalonil.

Embora pouco se saiba sobre a biotransformacao do clorotalonil e sobre os efeitos
oxidativos que o mesmo pode causar, autores tém sugerido que a GST ¢ uma das
principais enzimas envolvidas na sua metaboliza¢ao (Gallagher et al., 1991; Rosner et al.,
1996). De acordo com Davies (1985) e Gallagher e colaboradores (1991), essas enzimas
sdo consideradas importantes em processos de exposicdo ao clorotalonil, pois foram

encontradas altamente induzidas em peixes expostos ao biocida, parecendo assim ter um
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efeito protetivo sobre os mesmos. Além disto, ja& foi demonstrado por Tillman e
colaboradores (1973) e por Gallagher e colaboradores (1991) que o clorotalonil
encontrava-se conjugado com a glutationa nas células de fungos e peixes,

respectivamente.

A presenca de contaminantes ambientais nos ecossistemas aquaticos geralmente
provoca uma situagdo de estresse para os organismos, principalmente para aqueles que
sdo filtradores. Como mencionado, estes compostos tem a capacidade de estimular a
produgdo de ERO intracelular e podem, por sua vez, alterar o balango oxidativo das
células. Além disto, a presenca de contaminantes ambientais pode alterar as respostas
imunoldgicas dos individuos. Isso porque dados do trabalho de Mello e colaboradores
(2015) sugerem que os tiois celulares, como aqueles presentes na GSH, sdo extremamente
importantes para as células imunes dos organismos e podem refletir diretamente em
alteragdes de viabilidade celular. Como invertebrados possuem apenas a imunidade inata,
as células circulantes (hemocitos) sdo consideradas a principal linha de defesa interna
contra patdgenos e outros estressores (Beck & Habicht, 1996; Song et al., 2015). As
reagdes imunoldgicas nestes organismos envolvem tanto componentes celulares quanto
humorais, porém sao consideradas mais inespecificas do que a imunidade observada para
vertebrados (Ellis et al., 2011; Guo et al., 2015; Loker et al., 2004).

Os hemocitos, que sdo as células circulantes na hemolinfa, possuem fungdes
extremamente importantes para a defesa dos individuos, pois estdo envolvidos com a
migracao das células para sitios de infeccdo, com a fagocitose, com a digestdo de
particulas e com o transporte de nutrientes (Fig. 5) (Ottaviani, 2004; Saleuddin & Wilbur,
1983; Song et al., 2015; Cheng, 1996). Durante o processo de fagocitose, por exemplo,
diversos eventos celulares podem ser observados, dentre eles, a identificagao da molécula

estranha, a aderéncia das células, a emissdao de pseuddpodes e a ingestdo em um
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fagossomo e a maturagdo do fagossomo (Schmitt et al., 2011). Deve ser destacado que
apés este processo, 0s micro-organismos ou particulas que foram engolfados sdo
confrontados com reagdes microbicidas, que geralmente envolvem oxigénio (Schmitt et
al.,, 2011; Song et al., 2010). Neste sentido, producdo de EROs durante o processo

fagocitico podem ser observadas (Wang et al., 2016).

A produgdo de ERO, no contexto imunologico, ¢ necessaria para a defesa efetiva
dos organismos contra patdgenos e outros estressores presentes no ambiente pois auxilia
na sinalizagdo celular ¢ na morte microbiana (Dupré-Crochet et al., 2013). Através das
enzimas NADPH oxidases, presentes na membrana celular dos fagossomos, o oxigénio
molecular é reduzido a radical anion superdxido, utilizando como cofator o NADH

(Babior, 1999).

Hemdcitos Hemdcitos Hemdcitos
tipo-bléasticas agranulares granulares
ERO
w e NADPH oxidase
e
]
<
!
Reconhecimento de patégenos % niicleo
Fagocitose e encapsulacdo =Cme ::_i’
Liberacdo de ERO microbicida \‘.‘
Migracao celular para sitios de inflamacéo & .
Oo%\_ @® | @ > hemocitos

patégeno

Figura 5. Representacdo esquematica dos diferentes hemocitos encontrados em
mexilhdes e suas principais fun¢des nos organismos. Nas linhas pontilhadas estdo
destacados dois processos importantes: a fagocitose e a encapsulacao. Durante a
fagocitose, os hemocitos podem aumentar os niveis de ERO (seta verde), através da
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enzima NADPH oxidase (amarelo) para combater patdgenos. Ja na encapsulacdo, os
hemocitos apreendem o patdogeno e o degradam internamente.

Atualmente, trés tipos de hemocitos foram descritos para bivalves, sendo estes
chamados de granulocitos, agranuldcitos (ou hialindcitos) e tipo blasticas (Bachere et al.,
2015; Ray et al., 2013). No geral, os hialindcitos sdo considerados similares aos
macrofagos de vertebrados, pois realizam grande parte dos processos fagociticos
(Bachére et al., 2015). Ja os granulécitos teriam o envolvimento com a liberacdo de
substancias antimicrobianas, auxiliando os processos imunes (Silva Santos et al., 2016).
Por mais que esta diferenca na funcionalidade seja reconhecida, estudos sugerem que
tanto os hemocitos granulares quanto os agranulares sdo capazes de realizar a fagocitose
de particulas estranhas (Canesi et al., 2002). Sendo assim, a fagocitose e a encapsulacao
sdo dois dos principais mecanismos pelo qual os hemdcitos conseguem eliminar células
mortas e particulas estranhas ao organismo (Canesi et al., 2002; Song et al., 2010).
Enquanto que a fagocitose consiste basicamente no engolfamento das particulas
estranhas, a encapsulacdo consiste em um agregamento de hemocitos em torno destas
particulas as quais sdo grandes demais para serem fagocitadas (Carvalho et al., 2015).
Estudos que avaliaram o processo de fagocitose perceberam que, devido a fatores bioticos
ou abidticos variados, ou até mesmo devido a contaminantes ambientais, tanto aumentos
quanto redugdes na atividade fagocitica podem ocorrer. No estudo de Costa e
colaboradores (2009), a injecdo de cepas de Vibrio em mexilhdes Mytilus
galloprovincialis, provocou uma redugdo na atividade fagocitica. Ja no estudo de Pipe e
colaboradores (1999), a exposicao de mexilhdes M. edulis a concentragdo de 0,2 ppm de
cobre estimulou a atividade fagocitica dos hemocitos. E interessante destacar que este
autor em outro estudo, observou que quando os mexilhdes eram submetidos a exposi¢ao
dupla, ou seja, pré-exposicao ao cobre (0,05 ppm) e em seguida a exposi¢ao a uma
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bactéria (Vibrio) havia a resposta contraria: uma diminui¢cdo no processo de fagocitose
era notada (Parry & Pipe, 2004). Neste sentido, percebe-se que, caso um contaminante
ambiental altere a fagocitose, os animais pré-expostos terdao um desafio para sobreviver

em seu habitat natural que, por vezes, possui muitas bactérias € outros micro-organismos.

Em relagdo ao clorotalonil, poucos estudos avaliaram seus efeitos sobre a
imunidade dos organismos. Até o presente momento, apenas estudos realizados com
células de ascidias e ostras foram encontrados na literatura. Estes trabalhos, realizados in
vitro demonstram que o clorotalonil pode alterar a funcionalidade celular. Cima e
colaboradores (2008) observaram que, além de reduzir a viabilidade das células imunes
de ascidias Bothrilus schlosseri, o biocida clorotalonil tem a capacidade de induzir danos
de DNA as células. Quanto a atividade fagocitica, esse autor observou que os hemocitos
das ascidias reduziam o processo quando expostos ao contaminante (Cima et al., 2008).
Deve ser mencionado que as concentragdes utilizadas por Cima e colaboradores (2008)
sao bem mais elevadas do que a do presente estudo e ndo refletem necessariamente
valores ambientais. Baier-Anderson & Anderson (2000) também demonstraram que o
clorotalonil tem a capacidade de alterar parametros imunes. A fagocitose, bem como a
producdo de espécies reativas de oxigénio, as quais sdo essenciais para a defesa
microbiana, foram alteradas em ostras (Baier-Anderson & Anderson, 2000).

Neste sentido, o clorotalonil poderia causar diversos efeitos em mexilhdes P.
perna, afetando processos como a transcricao de genes de biotransformacao e de defesa
antioxidante, a atividade de enzimas envolvidas nas defesas antioxidantes, e a resposta
imune dos organismos. Partindo do pressuposto que estes organismos apresentam uma
ampla distribui¢do geografica (Rios, 1994; Siddall, 1980) e que sdo essenciais para os
ecossistemas, estudos que avaliem os efeitos de contaminantes ambientais nestes

individuos se tornam necessarios.
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Objetivos
Objetivo Geral

Esta tese tem como objetivo geral a avaliagdao dos efeitos do biocida clorotalonil
sobre parametros imunologicos, moleculares e bioquimicos na espécie de mexilhao Perna

perna.

Objetivos Especificos

v Avaliar os efeitos do biocida clorotalonil sobre o sistema imunoldgico dos
mexilhoes P. perna, focando nas defesas celulares dos organismos;

v’ Avaliar a resposta geral ao estresse em mexilhdes P. perna apds exposi¢do ao
clorotalonil.

v’ Auvaliar os efeitos do biocida clorotalonil sobre os niveis transcricionais de genes
relacionados as vias de biotransformacao ¢ de sistema de defesa antioxidante;

v’ Avaliar os efeitos do biocida clorotalonil sobre o sistema de defesa antioxidante

dos mexilhodes P. perna;
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CAPITULO 1

ANTIFOULING BIOCIDES: IMPAIRMENT OF BIVALVE IMMUNE SYSTEM BY

CHLOROTHALONIL

Amanda da Silveira Guerreiro, Regina Coimbra Rola, Monique Tomazele Rovania, Simone

Rutz da Costa, Juliana Zomer Sandrini.

(publicado na revista Aquatic Toxicology, FI: 3.884)

(doi: 10.1016/j.aquatox.2017.06.012)

O biocida clorotalonil, amplamente utilizado na agricultura e na formulagdo de
tintas anti-incrustantes, tem sido associado a diversos efeitos negativos a biota aquatica.
Dentre os mais estudados, os pesquisadores citam a alteragdo na sobrevivéncia dos
organismos marinhos (poliquetas, tunicados, mexilhdes) frente a exposi¢do ao composto.
Sendo assim, avaliamos o efeito do clorotalonil sobre a sobrevivéncia dos organismos
quando os mesmos eram submetidos a uma combinacio de estressores (contaminante +
ar). A fim de observarmos outros efeitos do biocida, verificamos se o clorotalonil poderia
causar alteragdes sobre as células imunocompetentes dos mesmos. Nesse sentido,
avaliamos alguns parametros que poderiam ser relacionados com o sistema imune dos

bivalves, como adesao celular e fagocitose.
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ARTICLE INFO ABSTRACT

Keywords: Marine ecosystems are subjected to a variety of contaminants. Antifouling paints, for example, have been ex-
Antifouling paint tensively used to protect ship surfaces from marine biofouling, but their toxicity has generated great concern.
Biocide Thus, we evaluated the effect of the biocide chlorothalonil on the immune system of Perna perna mussels. The
Hemocg.ftes mussels were exposed to 0 (control), 0.1 ug/L and 10 pg/L of chlorothalonil for up to 96 h. After 24 h and 96 h of
:;:E‘;?;w exposure, the following immune-related parameters were analyzed in the hemolymph of mussels: total hemocyte

count, cell adhesion, phagocytic activity, level of reactive oxygen species, cell viability and comet assay. After
24h and 96 h of chlorothalonil exposure, cellular adhesion increased and the hemocyte viability reduced.
Moreover, an increase in phagocytic activity was also observed after 96 h of exposure to cholorothalonil. The
exposure to 10 ng/L of chlorothalonil for 96 h reduced the air survival capacity of mussels. Total hemocyte
count, ROS generation and DNA damage were not affected by the contaminant exposure. Our results indicate
that chlorothalonil affected important immune responses of the bivalves, demonstrating that this biocide has
effects on non-target species. This modulation of immune system reduced the health status of mussels, which
could compromise their ability to survive in the environment.

1. Introduction

Antifouling paints are widely used to prevent organisms from at-
taching to ship surfaces. Among all the different solutions proposed
over the years, compounds with tributyltin (TBT) were the most ef-
fective (Yebra et al., 2004). However, many environmental problems
were reported, such as shell malformations and imposex in molluscs
species (Bigatti et al., 2009; Coelho et al., 2006; Gibbs, 2009; Strand
et al., 2009). Thus, TBT was banned due to its persistence and toxicity
and a new generation of compounds has been selected. The chlor-
othalonil (2,4,5,6-tetrachloroisophtalonitrile), less toxic and less per-
sistent in the environment, emerged as a successful alternative biocide
(Voulvoulis et al., 2002), widely used as fungicide since 1964 (Ernst
et al., 1991) and recently as an antifouling agent as well (Thomas et al.,
2001).

Despite being considered less toxic than TBT, chlorothalonil causes
several damage to marine biota (Bellas, 2006; Caux et al., 1996; Ernst
et al., 1991). Some studies observed that it is toxic to the early devel-
opmental stages of some aquatic organisms, such as the bivalve Mytilus
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edulis, the ascidian Ciona intestinalis and the sea-urchin Paracentrotus
lividus (Bellas, 2006). Chlorothalonil concentrations of 0.97 ug/L and
5940 ug/L, for example, induced effects and mortality of 50% in the
zebra mussel, Dreissena polymorpha and in adults of the bivalve M.
edulis, respectively (Ernst et al., 1991; Faria et al., 2010). In addition to
mortality, some sub-lethal effects, such as glutathione depletion and
enzymatic inhibition were observed after exposure to chlorothalonil
(Long and Siegel, 1975; Tillman et al., 1973). Several studies indicated
that this compound can bind to the sulfhydryl groups of proteins, in-
hibiting enzymes like NADPH oxidase (Baier-Anderson and Anderson,
2000) and making the immune system a potential target. Baier-
Anderson and Anderson (2000), for example, observed that in vitro
exposure of oyster hemocytes to chlorothalonil resulted in abnormal
levels of reactive oxygen species, but did not affect phagocytosis. On the
other hand, Cima et al. (2008) noted that chlorothalonil amended cell
adhesion and phagocytosis of hemocytes from the tunicate Botryllus
schlosseri.

Bivalve mollusks, such as the brown mussel P. perna, are well known
for their sentinel characteristics, being affected by slightly changes in

34



A.d.S. Guerreiro et al.

the environment (Resgalla et al., 2008; Viarengo and Canesi, 1991).
This specie is also economically important for many countries, in-
cluding Brazil where its production reached 12.000 tons in 2007 (FAO,
2007). Considering these characteristics and the potential effects of
chlorothalonil to aquatic biota, we evaluated the effects of this biocide
on the immune system of Perna perna mussels through exposure to sub-
lethal concentrations of chlorothalonil for up to 96 h. The following
parameters were analyzed in hemolymph: total hemocyte count, cell
adhesion, phagocytic activity, levels of reactive oxygen species, cell
viability (MTT and neutral red assays) and DNA damage (Comet assay).

2. Materials and methods
2.1. Animals

The brown mussels Perna perna were obtained in a mariculture farm
in the southwest of Santa Catarina, Brazil (-27.729769, — 48.562973),
and immediately transported to the Universidade Federal do Rio
Grande — FURG where the experiments were carried out. Previously to
the experiments, the mussels were acclimated in aerated tanks with
seawater (salinity 30, temperature 20 "C and photoperiod 12L:12D) for
15 days, feeding every 2 days on the phytoplankton Conticribra weiss-
flogii or Nannochloropsis sp.

2.2. Experimental design

To evaluate the effects of chlorothalonil on the immune system of
bivalves, the following concentrations of the biocide were chosen:
control (with 0.16 mL/L of DMSO), 0.1 pug/L (0.37 nM) and 10 pg/L
(37 nM). The lowest concentration tested (0.1 pg/L) is close to values
reported by the US Environmental Protection Agency for United States
surface waters. While the highest concentration tested (10 pg/L) is close
to the CE50 observed for larvae of mussels M. edulis (8.8 pg/L) (Bellas,
2006). The stock solution of chlorothalonil was prepared with the di-
methyl-sulfoxide — DMSO, due to its moderate solubility in water
(0.9 mg/L) (Thomas et al., 2001). The proportion of solvent on the
aquaria was the same for all treatments (0.16 mL/L). Initially, the
mussels (N = 36) were randomly divided into 9 tanks of 6 L (3 tanks for
each treatment) with the same conditions described above and were
exposed to the biocide for up to 96 h. During the experimental time, the
animals were not fed. Considering the half-life of chlorothalonil in
marine water (150 h, Caux et al., 1996), the water was renewed after
48 h of exposure. For all immunological analysis, 5-6 animals were
randomly selected from each concentration at 24 h and 96 h.

The hemolymph was withdrawn from the adductor muscle of each
mussel after 24 and 96 h of exposure to chlorothalonil, using a 5 mL
syringe. After the collection of hemolymph, mussels did not return to
the experimental aquaria. The hemolymph acquired was then trans-
ferred to a sterile tube, diluted in 2:1 on a modified Alsever solution
(MAS) (23.8 mM sodium citrate, 296.5 mM sodium chloride, 101.5 mM
glucose, 7.9 mM EDTA, pH 7) and kept on ice for subsequent use. The
total count of hemolymph cells was performed in a Neubauer chamber,
For the following analyses, the whole hemolymph was centrifuged
(500g, 5 min, 20 °C) and the hemocytes ressuspended in MAS, in a final
density of 2.1 x 10° cells/mL.

2.3. Hemocytes analysis

2.3.1. Reactive oxygen species quantification

The method of 2/,7’- dichlorofluorescein diacetate (H,DCF-DA;
Sigma) was used to measure the levels of reactive oxygen species, in a
final concentration of 40 uM, as described by Viarengo et al. (1999).
The hemocytes previously separated were placed in 96-well microplates
and incubated with H,DCF-DA for 30 min at 20 °C in the dark. The
fluorescence intensity (excitation = 485 nm; emission = 520 nm) was
quantified every 5 min and the total fluorescence produced over the
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30 min period was calculated. The data were relativized by the control
group.

2.3.2. Cell adhesion assay

The protocol for the cell adhesion assay was adapted from Estrada
et al. (2013). After the exposure to chlorothalonil, 100 pL of each he-
mocyte suspension were placed in 96-well plates and the cells were
allowed to adhere for up to 120 min at 20 °C in a moisture chamber.
After 30 and 120 min, the non-adherent hemocytes were transferred to
sterile tubes and counted in a Neubauer chamber. The number of non-
adherent cells was discounted from the number of initial cells. The data
were relativized by the control group.

2.3.3. Phagocytosis assay

The phagocytic activity was evaluated following Aladaileh et al.
(2007). We suspended 5 mg of a commercial yeast (Fleischmann) in
10 mL of Congo red stain (prepared in filtered seawater) at a final
concentration of 7 x 10° cells/mL. The mixture was autoclaved, cen-
trifuged (1300g, 5 min, 20 °C) and washed twice with filtered seawater.
The pellets were resuspended in filtered seawater and stored at 4 °C.

The hemocyte suspension (200 pL) was left to adhere for at least
30 min on slides in a moisture chamber. The adherent cells were
overlaid with 50 pL of the inactivated yeast stained with Congo red and
incubated for 30 min in the dark. The non-adherent cells and the excess
of yeast were removed by washing 10 times with filtered seawater. The
slides were analyzed and photographed in an Olympus IX-81 micro-
scope. At least 1000 cells were analyzed in each slide. The phagocytic
activity was obtained by the ratio between phagocytic cells (cells that
have phagocyted at least one yeast particle) and total cells counted, and
the data were relativized by the control group.

2.3.4. Cytotoxic assays

According to the protocols described by Freshney (2005) and
Trevisan et al. (2012), we performed the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and neutral red assays to
measure the cellular viability of the hemocytes.

For the MTT assay, 100 pL of hemocytes and 80 uL of MAS solution
were placed in 96-well microplates. Afterwards, 20 uL of MTT (0.005 g/
mL) were added and the microplates were settled to react in the dark
for 3 h at 20 °C and centrifuged (600g, 10 min, 4 "C). The formazan dye
crystals were dissolved with DMSO and the absorbance read in a
spectrophotometer at 550 nm.

To perform the neutral red assay, 100 pL of hemocytes and 80 pL of
MAS solution were placed in a 96-well microplate. Subsequently, 8 uL
of neutral red (40 ug/mL) were added and the plate was incubated in
the dark for 3 h at 20 °C, centrifuged (600g, 10 min, 4 °C) and the su-
pernatant was removed. The cells were fixed for 5 min in formol-cal-
cium fixative (0.5% formaldehyde, 1% calcium chloride) and cen-
trifuged again. The supernatant was discarded and treated with
acidified alcohol (1% acetic acid, 50% ethanol). The absorbance’s of the
samples were read at 550 nm in a spectrophotometer.

2.3.5. Comet assay

The DNA damage was evaluated using the alkaline single cell
electrophoresis (comet assay) as described by Singh et al. (1988) and
Siuet al. (2004). About 20 pL of hemocyte solution were combined with
120 uL of 1% low melting point agarose. The mixture was added to
slides previously covered with 1.5% normal melting point agarose.
After solidification, the cells were lysed overnight with lysis buffer
(2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, 10% DMSO,
pH 10) at 4 °C. After this period, the slides were placed in an electro-
phoresis chamber (10N NaOH, 200 mM EDTA, pH 13) for 20 min at
1.0 V/em, 230 W and 300 mA. The slides were washed 3 times with
neutralization buffer (0.4 M Tris, pH 7.5), fixed in 100% ethanol for
10 min, and dyed with 20 pL of SyBR Safe (1:100; Molecular Probes).
Approximately 50 nucleoids were counted for each slide in a
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fluorescent microscope (Olympus). Images were analyzed on the soft-
ware ImageJ with the Comet assay plugin and data expressed as tail
length (pm).

2.4. Stress on stress (SOS) test

Considering that mussels inhabit intertidal zones and are constantly
subjected to many environmental pollutants, we analyzed the combined
effects of chlorothalonil and anoxia on their survival. After 96 h of
chlorothalonil exposure (control and 10 pg/L groups), 33-36 mussels
per group were kept in a humidified chamber at 20 "C until all organ-
isms died. The mussels were considered dead when no response was
detected after mechanical stimuli to animals. The survival was assessed
daily and the median lethal time (LT5,) was calculated according to the
Trimmed Spearman-Karber Method.

2.5. Statistical analysis

o

Data were expressed as mean *+ standard error and an one-way
ANOVA was performed with the software Statistic7. The significance
level was set at 5% (p < 0.05) and all the assumptions for the test were
satisfied. The Newman-Keuls multiple range test was applied whenever
data were significantly different.

3. Results

No mortality was observed in the mussels exposed to chlorothalonil
for up to 96 h. However, changes (p < 0.05) in cellular adhesion,
phagocytic activity and hemocyte viability were observed during dif-
ferent exposure periods. After 24 h (Fig. 1) and 96 h (Fig. 2), an in-
crease in the initial cellular adhesion (after 30 min of assay) (Fig. 1a
and Fig. 2a) and a decrease in the hemocyte viability (MTT assay)
(Fig. 1b and Fig. 2b) were observed in the exposed mussels. For initial
cellular adhesion, an increase of 35.4 and 27.1% was observed in ani-
mals exposed to chlorothalonil for 24 h, at concentrations of 0.1 and
10 pg/L, respectively, and an increase of 22.1 and 38.7% % in animals
exposed to chlorothalonil for 96 h (0.1 and 10 pg/L, respectively).
Considering the MTT assay, a decrease of 32.2 and 60% was observed in
hemocyte viability of mussels exposed to chlorothalonil for 24 h (0.1
and 10 pg/L, respectively), and a decrease of 43.7 and 54.5% in mussels
exposed to chlorothalonil for 96 h (0.1 and 10 pg/L, respectively).

A decrease in hemocyte viability (neutral red assay) (Fig. 2¢) and an
increase in phagocytic activity (Fig. 2d) were also observed in animals
exposed to chlorothalonil for 96 h. In this regard, a reduction of 37.8
and 33.3% was observed in hemocyte viability through neutral red
assay (for mussels exposed to 0.1 and 10 pg/L of chlorothalonil, re-
spectively) and a 2.8 and 5.1 times increase in phagocytic index in these
same mussels (exposed to 0.1 and 10 pg/L of chlorothalonil, respec-
tively). These parameters were not altered (p > 0.05) after 24 h of
exposure to chlorothalonil (Fig. 1c and Fig. 1d). Even though chlor-
othalonil changed many immune parameters evaluated in the present
study, neither total cell count, ROS levels nor DNA damage were altered
by biocide exposure (p > 0.05) (Table 1). This absence of significant
differences was verified for both experimental times (24 h and 96 h).

For the SOS test, a reduction in air survival was observed for mus-
sels previously exposed to 10 pg/L of chlorothalonil for 96 h (Table 2).
In this regard, animal pre-exposed to chlorothalonil presented an LTsq
of 2.65 days for air exposure, whereas the LTs, was 3.18 days for the
control mussels.

4. Discussion

There is an increasing concern on the effects of environmental
pollutants on the immune system of animals. The effects of biocides on
the immune function of mussels, presented in new-generation anti-
fouling paints, such as chlorothalonil, are still unknown. In this context,

196

Aquatic Toxicology 189 (2017) 194-199

the present study clearly demonstrated that chlorothalonil, an anti-
fouling biocide, can modulate the immune response of the mussel Perna
perna.

Immune suppression occurs when animals are exposed to many
environmental pollutants. Bivalves, like other invertebrates, lack
adaptive immunity. The circulating hemolymph cells or hemocytes
have a key role on the innate immunity of invertebrates (Bachére et al.,
2015). Most studies focus on the analysis of several hemocyte responses
(Ellis et al., 2011; Renault, 2015). Among these responses, hemocyte
adhesion and phagocytic capacity are important hematological para-
meters of internal defense. The adhesion of hemocytes is the initial step
for the phagocytosis of foreign particles (Estrada et al., 2013), and
therefore should be analyzed together. The exposure to chlorothalonil
increased the initial cell adherence and the phagocytic activity of P.
perna hemocytes concomitantly, indicating an activation of the mussel
immune system. Phagocytosis is an important process of the immune
system of bivalves, occurring prior to bacterial clearance (Blaise et al.,
2002). Exposure of molluscan species to low concentrations of en-
vironmental contaminants, like metals, might enhance the phagocytic
activity of their hemocytes (Hannam et al,, 2009; Mottin et al., 2012;
Pipe et al., 1999). However, it is not necessarily associated to a better
health status. An increased immunologic response has a high energetic
cost to the organism, leading to an unfavorable situation caused by
long-term exposure (Pipe et al., 1999). In fact, studies with the insect
Bombus terrestris (Moret and Schmid-Hempel, 2000) demonstrated that
an activation of the immune system stimulated by LPS or micro-latex
beads induced an increase in mortality under a stressful situation
(starvation).

This hypothesis of a disadvantageous immune modulation induced
by chlorothalonil is in agreement with the results of hemocyte viability.
Concomitantly with the increase in phagocytosis and adhesion of he-
mocytes, chlorothalonil also induced cytotoxicity on hemocytes of P.
perna after 96 h of exposure, decreasing the mitochondrial activity and
altering lysosomal integrity, as indicated by MTT and neutral red as-
says, respectively. Reduced hemocyte viability after exposure to dif-
ferent toxic agents have been reported in other studies. A marked de-
crease was observed in hemocyte viability when mussels, Mytilus
galloprovinciallis, were exposed to high concentrations of ionic cadmium
and nanoparticles of cadmium (Katsumiti et al., 2014). Similar re-
sponses were registered in oysters, Crassostrea gigas, exposed to 1-
chloro-2,4-dinitrobenzene (CDNB), a known glutathione (GSH) depleter
(Trevisan et al., 2012). Regarding chlorothalonil, another study with
the ascidian Botryllus schlosseri previously reported an induced hemo-
cyte toxicity (Cima et al., 2008), as evidenced by an increased cell
mortality observed through three different assays (Annexin-V, TUNEL,
and Trypan Blue).

The mechanisms associated with immune modulation after pollu-
tant exposure may be related to the capacity of the pollutant to bind
with biomolecules (Cheng and Sullivan, 1984; Sheir et al., 2010). In this
sense, chlorothalonil has a high sulfhydryl-group affinity, being able to
reduce GSH content and modulate the activity of several enzymes (Long
and Siegel, 1975; Tillman et al., 1973). However, the complete re-
lationship between thiol homeostasis (mainly associated to GSH meta-
bolism) and bivalve hemocyte functions are not fully understood (Mello
et al., 2015). Conversely, it is known that hemocytes are the most im-
portant cells involved in the biosynthesis of glutathione and protection
against ROS production in ascidian (Franchi et al., 2012). Regarding the
results obtained in the present study, effects of chlorothalonil on the
levels of ROS and DNA damage were not observed. Considering that
this compound has a low DNA binding activity (Rosanoff and Siegel,
1981), the absence of DNA damage induction by chlorothalonil is in
agreement with the results of ROS levels since these reactive species are
important inducers of DNA damage. For instance, the involvement of
ROS and GSH on immunomodulation induced by chlorothalonil in the
mussel Perna perna remains unclear and needs to be further in-
vestigated.
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Fig. 1. Immunological parameters of mussels P. perna evaluated after 24 h of exposure to chlorothalonil. A) Cell adhesion index (%); B and C) Cell viability evaluated through MTT and
neutral red assays, respectively; and D) Phagocytic activity of P. perna hemocytes. Animals were exposed in vivo to chlorothalonil for 24 h and the hemocytes were collected from the
adductor muscle. Data are representative for 5-6 mussels in each treatment. Values are expressed as the mean *+ SE. Different letters indicate statistical differences (P < 0.05). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

As an alternative to TBT, chlorothalonil was proposed as a non-toxic
biocide to non-target aquatic fauna. However, the results found in this
study suggest that mussels might experience a stressful condition during
chlorothalonil exposure. The hemocytes were affected in different
ways, i.e. through stimulation in phagocytosis and adhesion index, and
decrease in cell viability, demonstrating the stress condition of these
organisms. Under this situation, mussels might be more vulnerable to
different environmental challenges. In fact, the acute exposure to
chlorothalonil (10 pg/L for 96 h) impaired the resistance of the mussels
to air exposure, as observed in the SOS test. As intertidal organisms,
mussels are constantly exposed to air, being able to survive long periods
in hypoxia/anoxia as a consequence of valve closure during the air
exposure (Hochachka and Somero, 2002). Thus, reduced air survival
capacity induced by chlorothalonil exposure could lead to dis-
advantageous consequences to these mussels in the environment.
Viarengo et al. (1995) proposed that stress on stress (SOS) response
could be used as an indicator of a general stress syndrome in mussels.
Several stressful situations, such as pollutant exposure, decreased LT,
values in mussels (Hellou and Law, 2003). Thus, this result highlights
the stressful situation induced by chlorothaloenil in Perna perna mussels,
making them more vulnerable to different environmental challenges.

The effects of chlorothalonil on the immune function of P. perna
were also observed at the lowest concentration tested in this study. This
result is extremely relevant, given that this concentration (0.1 pg/L) is
close to the environmental concentrations commonly reported for this
biocide (Lee et al., 2010; Sakkas et al., 2002; USEPA, 1999). The US
Environmental  Protection  Agency  registered chlorothalonil
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concentrations of 0.68 ug/L in surface waters of the United States
(USEPA, 1999). Considering marine and estuarine environments, con-
centrations of chlorothalonil could reach about 0.07 pg/L, according to
Lee et al. (2010) and Sakkas et al. (2002). Although chlorothalonil did
not induce mussel mortality in our study, we consider that the organ-
isms undergo much more complex responses at the environment than in
the laboratory. In the environment, the organisms could be exposed to a
mixture of contaminants for a long period (chronic exposure). Thus, the
interference of chlorothalonil with the immune functions of P. perna
mussels even at the lowest environmental concentrations tested in this
study could reduce the health status of mussels, compromising their
ability to survive in the environment.

5. Conclusions

The present study focused on the effects of the biocide chlor-
othalonil on the immune system of P. perna mussels, demonstrating an
increase in phagocytosis and hemocyte adhesion index with a con-
comitant reduction of hemocyte viability. Moreover, chlorothalonil
exposure reduced the air survival capacity of mussels. These results
indicate that chlorothalonil modulates the immune system of mussels,
which could induce an unfavorable situation at the environment.
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Fig. 2. Immunological parameters of mussels P. perna evaluated after 96 h of exposure to chlorothalonil. A} Cell adhesion index (%); B and C) Cell viability evaluated through MTT and
neutral red assays, respectively; and D) Phagocytic activity of P. perna hemocytes. Animals were exposed in vivo to chlorothalenil for 96 h and the hemocytes were collected from the
adductor muscle. Data are representative for 5-6 mussels in each treatment. Values are expressed as the mean + SE. Different letters indicate statistical differences (P < 0.05). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Total hemocyte count, ROS levels and DNA damage of hemocytes from mussels Perna perna exposed for 24 h and 96 h to chlorothalenil. Data are representative for 5-6 mussels in each
treatment. Values are expressed as the mean * SE. No significant differences were observed by one-way ANOVA (p > 0.05).

Chlorothalonil Concentration Total hemocyte count

Relative ROS levels

DNA damage

(ug/L) (x10* cells/mL) (%) (Tail length — pm)
24h 96 h 24h 96 h 24h 96 h
0 235.50 + 11.98 226.60 + 44.33 100 + 6,94 100 + 13.12 15452.64 + 4439.28 9299.17 + 1470.10
0.1 168.75 + 11.33 189.40 + 14.11 90.91 + 4.53 89.30 + 21.67 12269.81 + 2157.26 15551.62 + 3299.98
10 183.40 = 30.84 169.80 *+ 16.81 100.53 = 19.10 99.21 = 25.10 14923.21 = 2336.51 7839.90 * 1070.24
Table 2 456372/2013-0) and FINEP - Pesquisa e Inovagao (AIBRASIL2 Proc. #

Median lethal time (LTsp), in days, observed in the SOS test. The mussels (33-35 animals
per group) were previously exposed to 0 (control) or 10 pg/L of chlorothalonil for 96 h
and then exposed to air until they died. The LTs, was calculated according to the
Trimmed Spearman-Karber Method.

Chlorothalonil Concentration LTsq (days) 95% Confidence Interval
(ng/L)
0 3.18 3.13-3.24
10 2.65 2.6-2.7
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CAPITULO 11

FIRST EVIDENCE OF TRANSCRIPTIONAL MODULATION BY

CHLOROTHALONIL IN MUSSELS Perna perna.

Amanda da Silveira Guerreiro, Igor Dias Medeiros, Juliana Zomer Sandrini.

(a ser submetido para a revista Marine Pollution Bulletin, fator de impacto 3.241)

Neste manuscrito, foi investigado os efeitos do biocida clorotalonil sobre a
transcricao de genes envolvidos na biotransformacao e no sistema de defesa antioxidante
de mexilhdes Perna perna. Considerando que a regulacdo da transcri¢do de genes de
biotransformacao e de defesa antioxidante ¢ um importante mecanismo de defesa celular,
este estudo tenta elucidar como o biocida age sobre a transcri¢do de genes importantes
para o processo. Deve ser ressaltado que as branquias foram selecionadas para essa
investigagdo pois sdo um dos Orgdos responsaveis, inicialmente, pela metabolizacdo de

xenobidticos em mexilhGes.
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Highlights

e (Gills are an important metabolic barrier against environmental contaminants,
e Chlorothalonil altered gene expression in the gills of mussels,

e These results indicate the activation of important cell signaling pathways.
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Abstract

Gills are considered a key player in organism defenses against environmental
pollutants. Since it is the major site of uptake of waterborne chemicals, the modulation of
important cellular defenses is expected in this tissue. Chlorothalonil, a fungicide
presented in herbicides and antifouling paints, might be responsible for toxicity in marine
biota. In this context, mussels were exposed to 0.1 ug/L and 10 pg/L of chlorothalonil for
24h and 96h. Overall, we report, for the first time, an increase in the transcripts of the
AhR-like, SULT1A41-like, CYP1A2-like, GSTO-like, MGST-like and SOD-like genes in the

gills of mussels.

Keywords

Antioxidant defense system; biocide; biotransformation; bivalve; mRNA levels.

43



1. Introduction

Bivalves, such as mussels, oysters and clams, are animals distributed worldwide
that play vital roles in the functioning of aquatic ecosystems (Dame, 1996). Due to their
semi-sessile habits and the filter-feeding activities, those organisms can be exposed to a
variety of environmental stressors presented in seawater (Viarengo & Canesi, 1991).
Therefore, bivalves have been commonly used in environmental monitoring programs as

sentinel organisms (Goldberg, 1986; Goldberg & Bertine, 2000).

Currently, there is increasing concern about the ecotoxicological effects of
contaminants on those organisms (Ibor et al., 2019; Guerreiro et al., 2017; Pessatti et al.,
2016; Nogueira et al.,, 2015). Among those chemicals, chlorothalonil (2,4,5,6-
tetrachloroisophthalonitrile) is a third-generation biocide that was developed as an
alternative to organotin compounds. First introduced as a broad-spectrum fungicide
(Ernst et al., 1991), this aromatic halogen compound has been widely used to prevent the
settlement and growth of marine organisms to the hulls of ships and vessels (Voulvoulis
et al., 1999). Despite being considered less toxic than other organic chemicals, such as
TBT (tributyltin), studies have demonstrated that chlorothalonil can be harmful to aquatic
biota, mainly invertebrates, such as polychaetas (Barreto et al., 2018) and mussels
(Guerreiro et al., 2017). In those organisms, the effects of this compound have been
related to alterations in the immune system (Cima et al., 2008; Guerreiro et al., 2017) and
antioxidant defense system (Barreto et al., 2018) and in the growth and larval

development of various species (Bellas, 2006; Faria et al., 2010).

Responses to environmental contaminants comprise many reactions that occur at
the cellular level. Biotransformation and antioxidant pathways, for example, are well-

known in vertebrate and invertebrate species (Livingstone, 1998) and are extremely
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important for xenobiotic detoxification and the defense of organisms in front of reactive
oxygen species (ROS), respectively (Parkinson, 2001). In general, xenobiotic
biotransformation is the major mechanism responsible for the metabolism of compounds
into more soluble and easily excreted forms (Livingstone, 1998; Oehlmann & Schulte-
Oehlmann, 2003). In eukaryotes, the biotransformation processes can be divided into two
phases. Phase I reactions are characterized by the introduction of a polar moiety, like a
hydroxyl group, into the organic xenobiotic (Oehlmann & Schulte-Oehlmann, 2003). The
reactions involved in this phase are catalyzed by different enzymes, like the cytochrome
P450 (CYP) enzymes, presented in many species, including mollusks (Zanette et al.,
2010; 2013). In the phase II reactions, original xenobiotic or the metabolites produced by
the phase I reactions are conjugated with various endogenous substrates such as peptides
(glutathione), sulfate and amino acids by transferase enzymes (Oehlmann & Schulte-
Oehlmann, 2003). Some of the enzymes involved in these reactions are glutathione S-
transferases (GSTs) and sulfotransferases (SULTs). GSTs, for example, are a family of
important enzymes involved in the biotransformation of xenobiotics and the antioxidant
defense system, through the conjugation of xenobiotics or by-products of oxidative stress
with glutathione (Boutet et al., 2004). Considering its importance, studies evaluating the
role of GSTs in the biotransformation process and in antioxidant defenses have
demonstrated that the transcriptional activity of this gene might be modulated in the
presence of different environmental contaminants. In the study by Park et al. (2009), the
GST gene (rho, sigma and phi) was up-regulated in the bivalve Laternula elliptica
exposed to the organic pollutant Aroclor 1254. Similarly, in the study by Trevisan et al.
(2016), the GST gene was up-regulated in the oyster Crassostrea gigas exposed to 1-
chloro-2,4-dinitrobenzene (CDNB), which is a substrate for GST activity. Other genes

involved in the biotransformation process, such as CYPs and SULTs, might also be altered
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due to contaminant exposure (Pessatti et al., 2016; Zanette et al., 2013). As demonstrated
by Pessatti et al. (2016), both CYP and SULT mRNA levels were altered in the gills of
the oyster Crassostrea brasiliana due to sewage exposure, which is a font of organic

pollutants and metals, and can generate oxidative stress, directly or indirectly.

Most of the known environmental contaminants can also act as pro-oxidant
stressors, by increasing the intracellular generation of ROS (Regoli et al., 2011). In this
context, antioxidant defenses, such as catalase (CAT) and superoxide dismutase (SOD)
are important for the scavenging of hydrogen peroxide and superoxide anions,
respectively, generated due to environmental exposure (Regoli & Giuliani, 2014). Studies
evaluating the effects of hydrocarbons, pesticides, and other chemical compounds showed
that they may promote pro-oxidative situations and change the transcriptional activity of
those genes, thus altering important cellular defenses against contaminant toxicity (Boutet
et al., 2004; Canesi et al., 2007; Park et al., 2016; Tarouco et al., 2017; Trevisan et al.,
2014). Little is known about the effects of chlorothalonil on those enzymes. It was shown
that chlorothalonil exposure affected glutathione S-transferase (GST) and superoxide
dismutase (SOD) activities in the polychaete L. acuta (Barreto et al., 2018) and in the
microcrustacean Daphnia magna (Song et al., 2017). Besides activity, Pariseau et al.
(2011) demonstrated that chlorothalonil can alter the expression levels of some important
regulatory genes, such as 44R and p53 in Mya arenaria (Pariseau et al., 2011). In tomato
leaves, Wang et al. (2010) observed that genes involved in detoxification and antioxidant
pathways, such as GSTs, glutathione peroxidase (GPx) and glutathione reductase (GR)

were increased after exposure to chlorothalonil (Wang et al., 2010).

In this context, this study aims to evaluate genes related to the biotransformation
pathways and antioxidant defense system in the gills of the brown mussel Perna perna

after exposure to chlorothalonil. This study is the first to demonstrate the effects of
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chlorothalonil on the aryl hydrocarbon receptor (4/4R-like), cytochrome P450 (CYPI1A2-
like), sulfotransferase (SULTI1AI-like), superoxide dismutase (SOD-like) and GST

(GSTO-like and MGST-like) gene expression.

2. Materials and Methods

2.1. Animals and acclimation

Brown mussels Perna perna were obtained from a mariculture farm located in the
southwest of Santa Catarina Island, Brazil (-27.729769, —48.562973). After collection,
the animals were transported to the Universidade Federal do Rio Grande — FURG and
were maintained at constant conditions for approximately 15 days as follows: aerated
seawater with salinity 30, temperature 20°C = 2°C and photoperiod 12L:12D. The water
was renewed every two days and animals were fed with phytoplankton Nannochloropsis
sp., Conticribra weisfloggii and Isochrisis galbana.

2.2. Exposure of mussels to chlorothalonil

After the acclimatization period, mussels (N = 36) were distributed among 9 tanks
of 6 L (n = 4 mussels tank™!) and were exposed to the biocide chlorothalonil for up to 96
h. The nominal concentrations of chlorothalonil were: 0 pg/L (control with 0.01%
dimethyl sulfoxide), 0.1 pg/L (0.37 nM) and 10 pg/L (37 nM) of chlorothalonil. Those
values were chosen based on previous studies conducted by our group (Guerreiro et al.,
2017). Regarding the 0.1 ng/L chlorothalonil concentration, studies observed its presence
in marine coastal regions, which were environmentally relevant. The experiment was
conducted in triplicate (three aquaria for each group) and the seawater conditions

described previously were maintained until the end of the experimental period.
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During the experiments, no mortality was recorded. The water was renewed every
two days. After 24 h and 96 h of exposure, mussels (n = 6) were dissected, and the gills
were collected and stored at -80°C until further use.

2.3. Isolation of total RNA and cDNA preparation

The total RNA extraction from gills was performed using the TRIzol® Reagent
(Invitrogen), following the manufacturer’s instructions with minor modifications. Briefly,
100 mg of tissue was homogenized mechanically using 500 puL of TRIzol followed by 20
min incubation. At the end of the extraction, RNA was eluted in 50 uL of RNAse free
water (Sigma-Aldrich) and stored at -20°C. The quantification of total RNA was assessed
with NanoDrop Lite (Thermo Scientific) through absorbation at 260 nm and the purity of
the samples by the absorbance ratio at 260/280 nm. Only high purity samples were
processed (1.7 < 260/280 nm > 2.0). Residual genomic DNA was removed from the
samples by treatment with DNAse I (Sigma-Aldrich). The synthesis of cDNA was
conducted using 2 pg of total RNA per sample. The reverse transcription was then
performed with a mixture of Oligo-dT and random primers (100 uM), 500 nM dNTP,
RNase inhibitor (20 U), and 400 U M-MLV Reverse Transcriptase (Sigma), and
incubated at 37°C for 50 min. Once generated, cDNA was stored at -20°C until further
use.

2.4. Quantitative Real-Time PCR

The relative levels of gene transcription were analyzed by qPCR using a CFX96
Touch Real-Time PCR Detection System (Bio-Rad). We conducted qPCR reactions using
SYBR® Green Jump Star-Taq ReadyMix (Sigma-Aldrich) and diluted cDNA (1:10) as a
template for the amplification of fragments of the genes listed in Table 1. The qPCR was
performed in duplicate for each sample, in 20 uL reactions. Actin was used as a reference

gene. PCR amplification was performed using the following cycling program: 3 min at
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94°C, 40 cycles of 15 s at 94°C, 15 s at 54°C and 30 s at 60°C, with a final elongation at
60°C for 30 min. The melt curve was programmed to run from 65°C to 95°C. The melting
temperature varied from 53°C to 54°C, depending on the primer applied (Table 1). Gene

expression analysis was evaluated by the 24¢

method, according to Livak and
Schimittgen (2001). Sequences were obtained according to Monteiro, (2017) through the

[llumina platform.

Table 1

Table 1. Primer sequences used for evaluation of gene expression by Real-Time PCR.

Gene Primer Sequence
Actin-like F:5 —CAG GAT CTG GCG ACATGGTT -3’
R:5 ‘- CAG GCT TGT GGT CCT GAACT -3’
AhR-like F:5°—GTA CTG GGC CAC GAC AAT CA-3’
R: 5" - AGG ACA AAG GAC CGA ATGGAC-3¥
CYPIA2-like F:5 —AAT CTT CCC CCA GGA CCA AA
R: 5= CGC CAT ATT CTT TCC ACC ACC
SULTIAI-like F:5 —GCT TAG AGG CTCTCCTTCTCCT-3’
R: 5> - ATA GTT CCA CCA GCCTCCGT -3
MGST-like F:5 —CGG AAT GGT CTG GCT ACT TG -3’
R:5‘-GCA AACGCT CCT CTCATTCT-3
GSTO-like F:5 —AGG TTC CGA GTG TCC GCC ATT -3’
R: 5’ - AGT CGT GTT CGT TGA GCG TAT GG -3’
SOD-like F:5—CCC TCC GCG GTG AGAACTCATT-3

R: 5 - GCA TGC AAC TCT TCC GCC AGC -3’
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2.5. Statistical Analysis

Statistical analysis was performed in order to compare the effects of chlorothalonil
between different groups of exposure, then, one-way ANOVA was performed. The
significance level was set at p < 0.05, and the analysis assumptions were previously

verified. Whenever significant, the Tukey-HSD post-hoc test was applied.

3. Results

3.1. Biotransformation-related genes

Chlorothalonil exposure (0.1 pg/L and 10 pg/L) altered the mRNA levels of all
evaluated genes in gills of P. perna mussels. Regarding the aryl hydrocarbon receptor-
like gene, a decrease in its mRNA levels were observed after 24 h of exposure to the
contaminant. This decrease was noticed in the animals exposed to the highest
concentration of chlorothalonil tested (10 pg/L), whereas the opposite result was
observed after 96 h. In this sense, the mRNA levels were higher in the mussels exposed
for 96h to 10 pg/L when compared to the control and 0.1 pg/L group. This increase in the
levels of transcripts was approximately 3-fold higher than in the animals from the control

group (Fig. 1A).

Phase I and II genes (CYP1A2-like and SULT-like, respectively) were also
evaluated. After 24 h of exposure, none of the concentrations of chlorothalonil tested
modulated the mRNA levels of both genes. Nonetheless, after 96 h of exposure to the
contaminant, an increase in the mRNA levels of CYPI1A2-like (Fig. 1B) and SULTIAI-
like (Fig. 1C) was observed. CYP1A2-like mRNA levels were 2.1-fold higher than in the
control group, while the increase in SULT1A1-like mRNA levels was approximately 2.3-

fold higher.
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GST microsomal-like mRNA levels were higher in mussels exposed to 0.1 pg/L
after 24 h of the experimental period. In the same experimental time, no differences were
observed in animals exposed to the highest concentration of chlorothalonil evaluated.
After 96 h, however, the response changed, and the mRNA levels were higher in the

groups treated with 10 pg/L of chlorothalonil when compared to other groups (Fig. 1D).
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Fig. 1. Transcriptional responses of the biotransformation genes (A) AhR-like, (B)
CYPI1A2-like, (C) SULT-like and (D) MGST-like in the gills of the mussel P. perna
exposed to chlorothalonil. Animals (n = 6) were exposed for 24 h and 96 h to the biocide
chlorothalonil. Data are given as mean =+ standard error. Values were normalized to the
control group. Statistical analysis was performed by one-way ANOVA followed by
Tukey’s post hoc test. Different letters represent statistical differences (p < 0.05) between
the control and treated groups.
3.2. Antioxidant defense genes

Transcript levels of SOD-like were not altered after 24 h of exposure to the
contaminant. However, after 96 h, the mRNA levels were 3.4-fold higher in the mussels

exposed to 10 pg/L of chlorothalonil when compared to the control group (Fig. 2A).

The same pattern of response was observed in mRNA levels of GST omega-like,
which were not affected after 24 h of exposure to chlorothalonil (Fig. 2B). The increase,
however, was observed after 96 h when mussels were exposed to 10 pg of
chlorothalonil/L. GSTO-like mRNA was 3.6-fold higher in this group compared to that in

the organisms from the control group.

SOD GSTO
5 54 b
w b [}
< 5 < 3
% % a
- E )
2 a a 2 a
= a ) = a
84 S 4 2 2
=1 (1Mm [ NEN I
: 24n 96h : 24h 36h
Time of exposure (hours) Time of exposure (hours)
1 Control = 0.1 ug/L W 70 ug/L

52



Fig. 2. Transcriptional responses of the antioxidant defense system genes (A) SOD-like
and (B) GSTO-like in the gills of the mussel P. perna exposed to chlorothalonil. Animals
(n = 6) were exposed for 24 h and 96 h to the biocide chlorothalonil. Data are given as
mean =+ standard error. Values were normalized to the control group. Different letters
represent statistical differences (p < 0.05) between the control and treated groups. *

indicates differences between the concentrations and the time of exposure

4. Discussion
Bivalves, such as mussels, oysters and clams, are often challenged by numerous

pollutants. It is known that these organisms are able to accumulate chemicals in their soft
tissues (Liichmann et al., 2011, 2014; Belabed et al., 2013; Estrada et al., 2017), which
could result in damage to the organisms. Bivalves and other animals can also metabolize
those chemicals via biotransformation processes (Livingstone, 2001). Those processes
involve a variety of enzymes responsible for xenobiotic detoxification and, together with
the antioxidant defenses, are extremely important for the defense of organisms against
electrophilic and toxic compounds and oxidative stress. Therefore, our results show the
induction of mRNA levels of the genes related to the biotransformation and antioxidant

pathways in the gills of the brown mussel P. perna after chlorothalonil exposure.

The primary biological system for phase I detoxification of xenobiotics is
cytochrome P450 (CYP450) (van der Oost et al., 2003). Many reports have indicated that
CYPs can be up-regulated in the presence of various stressors, such as phenanthrene
(Piazza et al., 2016; Zacchi et al., 2017), B[a]P (Tian et al., 2013) and TCDD (Della-Torre
et al., 2014). As observed in the present study, chlorothalonil exposure also induced
cytochrome P450 transcription, evaluated by the levels of CYPIA2-like mRNA levels.
CYP1 and CYP2 families, specifically, are involved in the oxidation of organic
xenobiotics (Nebert & Russel, 2002) and, classically, their transcription is regulated
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through the aryl hydrocarbon receptor (AhR) (Hahn, 2002). This receptor is a ligand-
activated inducible transcription factor that occurs in vertebrates and invertebrates,
including mollusks (Butler et al., 2001; Liu et al., 2010; Tian et al., 2013). However,
knowledge regarding the AhR signaling pathway is mainly for vertebrates. After ligand
binding, AhR is translocated into the nucleus where it dimerizes with the aryl
hydrocarbon receptor nuclear translocator (ARNT). The AhR/ARNT complex binds to
specific xenobiotic responsive elements (XRE) on DNA and regulates a battery of genes,
principally those related to phase I and II of the detoxification system (Gu et al., 2000;
Nebert et al., 2000). For mammals, AhR plays a central role in CYP induction (Kim et
al., 2005; Vrzal et al. 2009). As demonstrated by Kim and colleagues (2005), the seal
Pusa sibirica, when exposed to TCDD, showed increased 4AZR expression and both
protein and mRNA levels of CYPIA. For invertebrate species, studies have been reporting
similar results. In the scallop Chlamys farreri, the authors observed that both 44R and
CYPI1AI were up-regulated after exposure to B[a]P (Cai et al., 2016; Liu et al., 2010; Tian
etal., 2013). In the present study, both A4#R-like and CYP1A2-like mRNA levels were up-

regulated in the mussel P. perna when exposed to chlorothalonil.

Studies of invertebrate AhR suggest that it does not bind to the same ligands as
vertebrates (Butler et al., 2004; Reitzel et al., 2014; Zanette et al., 2013). Zanette and
colleagues (2013), for example, observed that the mussel Mytilus edulis exposed to some
classical vertebrate AHR agonists, such as B-naphthoflavone (BNF) and 3,3’,4,4°,5-
pentachlorobiphenyl (PCB), did not alter any of the CYPI-like genes studied. Other
known ligands for vertebrate AhR, such as TCDD, flavonoids and metabolites of
arachidonic acid, seem to lack the ability to bind to invertebrate AhR as well (Larigot et
al., 2018; Butler et al., 2004; Liu et al., 2010). Therefore, some authors (Butler et al.,

2004; Zanette et al., 2013) suggested that invertebrate 4AR might present different
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functional roles and might not be involved in CYPI regulation. It can be suggested that
AhR from invertebrate species might bind to different ligands from vertebrate species.
Since chlorothalonil activated the AhR pathway and induced AhR expression, our results
indicate that this compound is a potential candidate for the ligand capacity. Therefore,
chlorothalonil is capable of inducing the AhR pathway and the transcription of phase I

and II genes in an invertebrate species.

Concerning phase II biotransformation genes, both SULT-like and MGST-like,
evaluated in this study, were up-regulated when mussels were exposed to 10 pg/L of
chlorothalonil. To date, GSTs and sulfotransferases are important enzymes that conjugate
xenobiotics with specific molecules. Sulfotransferases, for example, comprise a
superfamily of enzymes, which is widely distributed among vertebrates and invertebrates,
and catalyzes the transfer of a sulfuryl group from 39-phosphoadenosine-5’-
phosphosulfate to an acceptor substrate (Duffel, 2010). By adding this sulfuryl group, the
xenobiotics can be more easily removed by cells. Studies investigating the effects of
various xenobiotics in bivalve species also observed an up-regulation of the SULT-like
gene (Piazza et al., 2016; Liichmann et al., 2014; Pessatti et al., 2016). Regarding
chlorothalonil toxicity, it can be investigated whether SULT-like is involved in the
metabolism of chlorothalonil. However, further research into SULTSs and the activation

pathway need to be developed.

Glutathione S-transferases are enzymes related to biotransformation and the
antioxidant defense system pathway. In the present study, two families of GST-like were
investigated: omega and microsomal. It is known that three major families of proteins
exhibit glutathione transferase activity: cytosolic, mitochondrial and microsomal
(Oakley, 2005). Cytosolic GSTs are divided in many classes (alpha, kappa, mu, pi, sigma,

omega, theta and zeta), based on their amino acid sequences, enzymatic properties and
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immunological cross-reactivity (Hayes et al., 2005; Konishi et al., 2005). Differences
between classes are yet to be studied, however, Park and colleagues (2009), investigating
the phi, tho and sigma classes of GSTs, suggested that each class presents different
substrate specificity and biochemical properties which may help bivalves in
detoxification processes and in many biological operations. Concerning the omega class,
Wan and colleagues (2009) observed that this class may present functional roles that are
different from the other GSTs. They present novel structural characteristics and minimal
catalytic activity towards the known substrates of the other GST classes (Board et al.,
2000). Furthermore, the omega class plays a key role in scavenging free radicals and can
catalyze a peroxidative reaction of GSH, leading to the production of GSSG by their
thioltransferase activity (Girardini et al., 2002; Burmeister et al., 2008; Wan et al., 2009).

Therefore, it can be considered an important enzyme in antioxidant defenses.

The microsomal GSTs, also known as MAPEG (membrane-associated proteins in
eicosanoid and glutathione metabolism), on the other hand, are important in
biotransformation processes (Jakobsson et al., 1997; Kim et al., 2009). According to Kim
and colleagues (2009), MGSTs are found in many tissues and present higher expression
levels than cytosolic GSTs in the liver and other organs involved in the metabolism of
xenobiotics, therefore suggesting its possible role in xenobiotics detoxification.
Chlorothalonil induced an increase in GST-/ike mRNA levels in both cases (omega class
or microsomal), depending on the concentration tested or exposure period. Since it was
demonstrated that chlorothalonil could be conjugated with GSH (Davies, 1985), the
mRNA induction of both isoforms could be a reflex of an increment in phase II reaction
capacity. According to Gallagher et al. (1991), GST is an important enzyme involved in
chlorothalonil toxicity. Its increased activity as well as up-regulation of the GST-like gene

might lead to an oxidative stress situation, since it promotes the consumption of GSH.
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Despite the protective role of phase I and II biotransformation enzymes, authors
have investigated whether reactive oxygen species (ROS) can be produced in the process.
According to Livingstone (2001), the byproducts of biotransformation processes, mainly
from phase I enzymes, might generate ROS and induce oxidative damage. Therefore, the
antioxidant defense system, evaluated by levels of transcripts of the SOD-like and GST-
like omega classes in this paper, may control and regulate it. As demonstrated in the
present study, GSTO-like mRNA levels were increased in the mussel P. perna after
exposure to the contaminant. Similarly, the up-regulation of SOD-like mRNA levels was
observed after chlorothalonil exposure. SOD is an enzyme that scavenges the
intermediates of oxygen reduction, converting superoxide anions (O2~) into H>O2 (Regoli
& Giuliani, 2014). Studies (Park et al., 2009) with other bivalve species (Laternula
elliptica) showed similar responses to those in the present study. The up-regulation of
SOD transcripts was observed in L. elliptica after exposure to Aroclor 1254 (Park et al.,
2009). Likewise, results from other bivalve species, such as Mactra veneriformis, also

demonstrate increases in SOD transcription after exposure to mercury (Fang et al., 2012).

It is known that many environmental pollutants can stimulate ROS production and
are capable of inducing oxidative stress. Among the signaling pathways involved in
oxidative metabolism, Nrf2 is important. NF-E2 p45-related factor 2 (Nrf2) is a
transcription factor that regulates the expression of many cytoprotective enzymes, such
as SOD, CAT and GST (Osburn and Kensler, 2008). Therefore, the results observed in
the present study suggest that chlorothalonil might induce the expression of genes

involved in antioxidant defenses through the Nrf2 pathway.

Recent studies have suggested that a crosstalk between pathways, mediated by
AhR and the transcription factor Nrf2 may exist in many organisms, including

invertebrates. According to Vasiliou and co-workers (1995), AhR may bind to both XRE
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and ARE (antioxidant responsive elements) consensus sequences on DNA, thus
regulating genes from both phase I and II biotransformation and activating the Nrf2
pathway as well (Vasiliou et al., 1995; Miao et al., 2005). In this context, CYP-like
induction, as well as that of the GST-like, SULT-like and SOD-like genes, might be related

to crosstalk between the AhR and Nrf2 pathways.

5. Conclusion

In general, data presented here demonstrate that chlorothalonil can modulate the
transcription of important biotransformation and antioxidant defense genes in the gills of
the mussel P. perna. Since most of those genes are regulated by the AhR or Nrf2 pathway,
it can be suggested that chlorothalonil exerts its effects by altering the redox state of

organisms, thereby activating the Nrf2-pathway.
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CAPITULO III

ARE ANTIFOULING BIOCIDES HARMFUL FOR MUSSELS Perna perna?
EFFECTS OF CHLOROTHALONIL ON THEIR ANTIOXIDANT DEFENSE

SYSTEM.

Amanda da Silveira Guerreiro, Juliana Zomer Sandrini.

(a ser submetido para a revista Marine Environmental Research, fator de impacto 3.159)

No capitulo anterior foi observado que o clorotalonil afetou a transcrigao de genes
envolvidos com a biotransformacao, bem como com o sistema de defesa antioxidante, em
branquias de mexilhdes Perna perna. Considerando que estes resultados parecem estar
indicando a ativacao de vias de sinalizagdo importantes na resposta ao estresse oxidativo,
neste manuscrito foi investigado os efeitos do composto sobre a atividade de enzimas que
fazem parte desse processo e sobre a capacidade do biocida em causar dano lipidico.
Como a glandula digestiva ¢ um importante 6rgdo de detoxificagdo, neste trabalho
decidiu-se investigar os efeitos do composto também neste tecido, a fim de comparar tais

respostas com as observadas nas branquias.
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Highlights

* Chlorothalonil altered the antioxidant defense system of mussels P. perna;

* Gills and digestive gland presented tissue-specific responses;

* The results indicated that chlorothalonil altered the redox status of mussels.
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Abstract

Chlorothalonil is an effective fungicide that has been extensively used in
formulations of antifouling paints. Its indiscriminate use and possible toxicity have
generated great concern. Thus, the present study aimed to investigate the toxicity of
chlorothalonil through an evaluation of its effects on the antioxidant defense system of
mussels Perna perna. The antioxidant defense system was evaluated in the gills and in
the digestive gland after 24h and 96h of exposure to the contaminant. The activity of the
enzymes SOD, CAT, GCL and GST; the levels of non-enzymatic defenses, represented
by the GSH; and lipoperoxidation were evaluated. Overall, chlorothalonil exposure
induced a distinct pattern of responses between the analyzed tissues, indicating that the
responses are regulated in a tissue-specific manner: while SOD activity was increased in
the gills, a decrease was observed in the digestive gland; while GCL activity was

decreased in gills, an increase was observed in digestive gland.

Keywords
Antifouling paints; antioxidant enzymes; bivalve, biomarker; oxidative stress;

toxicity.

73



1. Introduction

Marine biofouling is a natural phenomenon that, often time, represents a problem
for shipping industries. Since it can be defined as the accumulation of microorganisms,
plants and aquatic invertebrates on surfaces immersed in seawater, biofouling can
increase the roughness and the friction resistance of ships, leading to an increase in the

fuel consumption (Omae, 2003; Yebra et al., 2004).

To prevent the settlement and growth of the organisms in those surfaces,
antifouling paints have been developed and extensively used. Organotin-based
compounds, such as tributyltin (TBT), were the most successful against fouling (Omae,
2003). However, its persistency and toxicity to aquatic fauna led to its banishment (Bao
et al., 2011; Bigatti et al., 2009; Evans, 2000; Ofoegbu et al., 2016; Strand et al., 2009).
In this context, safer alternatives to TBT have been developed and introduced in paint
formulations. Booster biocides, such as chlorothalonil, diuron, Irgarol 1051, Sea-nine 211
and metallic compounds like zinc-pyrithione are the most commonly used since they are
considered less toxic and, mainly, less persistent in the environment (Konstantinou &

Albanis, 2004; Voulvoulis et al., 2002).

Chlorothalonil (2,4,5,6—tetrachloroisophtalonitrile) is an aromatic halogen
compound that was firstly introduced as a broad-spectrum fungicide in agriculture (Ernst
et al., 1991). Due to its properties, it was presented in commercial antifouling paints as a
booster biocide as well. Reports evaluating this compound in aquatic environments
already demonstrated that concentrations ranging from 0.008 to 1.38 pg/L are found in
the United Kingdom (UK) environmental coast, nearby marinas (Sakkas et al., 2002;
Voulvoulis et al., 2000). In Brazil and in many other countries, however, there is a lack

of information concerning chlorothalonil release into the environment.
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Some studies have been demonstrating that it can be harmful to the aquatic biota,
mainly over invertebrates (Bellas, 2006; Bao et al., 2011; Cima et al., 2008; Guerreiro et
al., 2017). It has been reported that chlorothalonil can induce DNA damage (Cima et al.,
2008), growth abnormalities (Bellas, 2006) and mortality for different marine species
(Ernst et al., 1991; Key et al., 2003; Koutsaftis & Aoyama, 2007). For the ascidians
Bothryllus schollosseri, the exposure to chlorothalonil resulted in loss of function of
mitochondria, lower ATP production and subsequently apoptosis (Cima et al., 2008). For
hemocytes of mussels Perna perna, the exposure to chlorothalonil resulted in decreases
in cellular viability and increases in cellular adhesion and phagocytic activity (Guerreiro
et al., 2017). It has been proposed that this biocide has the ability to bind to sulthydryl
groups of peptides and proteins, which could lead to effects like reduction of glutathione
levels and inhibition of enzymes like NADPH oxidase and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Baier-Anderson & Anderson, 2000; Tillman et al., 1973; Long
& Siegel, 1975). Indeed, authors (Davies, 1985; Gallagher et al., 1991) have demonstrated
that the tripeptide glutathione (GSH) and the enzyme glutathione S-transferase (GST) are
important in chlorothalonil metabolism and toxicity. Those authors observed the
formation of chlorothalonil-glutathione conjugates in fish species and suggested that GST
possess a protective role in organisms, since it mediates most of chlorothalonil toxicity

and effects.

Considering that GSH and GST are important in biotransformation process, as
well as in the antioxidant defense system, studies have proposed that, like many other
environmental pollutants, chlorothalonil could induce oxidative stress by altering the
balance between those molecules (Cima et al., 2008; Tillman et al., 1973; Baier-Anderson
& Anderson, 2000). Recently, Barreto and colleagues (2018) observed that chlorothalonil

induced oxidative stress in the estuarine polychaeta Laeonereis acuta through the
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reduction of the total antioxidant capacity of the polychaeta and to an alteration in the
glutathione metabolism, observed by the altered activities of glutamate cysteine-ligase
and glutathione S-transferase. In this context, chlorothalonil might impair the antioxidant
defense system of other organisms, by changing the redox status of cells and prejudicing

their general defenses.

Considering the possible effects of chlorothalonil and the importance of
evaluating its toxicity to aquatic organisms, the present study aimed to investigate its toxic
mechanisms on mussels Perna perna. The concentrations tested in the present study (0.1
ng/L and 10 pg/L) are considered sublethal for mussels P. perna and are extremely
relevant, since close values were already reported for some marine coastal areas (Lee et
al., 2010; Sakkas et al., 2002). It is important to highlight that mussels have been widely
used in biomonitoring programs (Goldberg, 1986; Goldberg & Bertine, 2000). These
organisms can be exposed to environmental contaminants through respiration and by the
filter-feeding activity (Dame, 1996), besides accumulating the chemicals in their soft
tissues. For this study, the mussel P. perna was chosen, since it is distributed among many
countries, including the Brazilian coast (Siddall, 1980; Resgalla Jr., 2008). In this context,
the antioxidant defense system of the mussels P. perna was investigated after the

exposure to the biocide chlorothalonil.

2. Materials and Methods

2.1. Animals

The mussels Perna perna were obtained from a mariculture farm located in the
southwest of Santa Catarina Island, Brazil (-27.729769, —48.562973). The animals were

transported to the Universidade Federal do Rio Grande — FURG where the experiments

76



were conducted. Therefore, mussels were held in aerated tanks and acclimated for 15 days
to the following conditions: seawater with salinity 30, temperature 20 + 2 °C and
photoperiod 12L:12D. The water was renewed every two days and animals were fed with

phytoplankton Nannochloropsis sp and Conticribra weisfloggii.

2.2. Experimental Design

Animals were exposed to the biocide chlorothalonil for up to 96 h to investigate
its effects on the mussel’s antioxidant defense system. For this purpose, the following
nominal concentrations were chosen: control (with 0.01 % of dimethyl sulfoxide), 0.1
png/L (0.37 nM) and 10 pg/L (37 nM) of chlorothalonil. Low concentrations such as 0.1
ng chlorothalonil/L might represent the actual scenario for many aquatic environments
and was chosen for the present study. Plus, earlier studies (Guerreiro et al., 2017)
conducted by our group already demonstrated the sublethal effects of both concentrations
towards mussels P. perna. It is important to note that close concentrations have been
reported in some estuarine areas (0.07 pg/L) and can negatively impact in developmental
stages of invertebrates when tested in laboratory (8.8 pg/L — LC50 for Mytilus edulis
larvae) (Bellas, 2006; USEPA, 1999). The quantification of chlorothalonil in water was
performed through gas chromatograph equipped with an electron capture detector (GC-
ECD) according the methodology described by Barreto et al. (2018). The measured
concentrations of chlorothalonil in each treatment were: 0.1 pg/L (nominal concentration
of 0.1 pg/L) and 6.5 pg/L (nominal concentration of 10 pg/L). For control treatment, the

measured chlorothalonil concentration was lower than the limit of detection (LD = 0.1
ng/L).

Mussels (N = 72) were separated in 9 tanks of 6 L to perform the experiment in
triplicates (three aquaria for each treatment). The water conditions described previously

were maintained until the end of the experimental period. After 24 h and 96 h of exposure
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to the biocide, mussels were dissected, and the gills and the digestive gland were collected
for the analysis of the antioxidant defense system. The tissues were stored at -80°C until

further use.

2.4. Biochemical Biomarkers

For enzymatic measures of superoxide dismutase (SOD), catalase (CAT) and
glutathione S-transferase (GST) activity, mussel tissues were homogenized (1:4 w/v) in
cold buffer (20 mM Tris-base, 1 mM EDTA, 0.5 M sucrose, 0.15 M KCI, 0.1 mM PMSF,
pH 7.6). Samples were centrifuged at 1.000g for 20 min at 4°C and subsequently at
10.000g for 45 min at 4°C for collection of the supernatant while the resulting pellet was

discarded. Protein concentration was evaluated by the biuret method.

SOD activity was measured in spectrophotometer at 550 nm according to McCord
& Fridovich (1969). In this assay, the reduction of cytochrome C was evaluated through
the inhibition of xanthine:xanthine oxidase. One SOD unit represent the amount of
enzyme necessary for 50% of inhibition of the cytochrome C at 25°C. CAT activity was
evaluated through the decomposition of H>O, per minute at 240 nm, accordingly to
Beutler’s method (1975) and was expressed as CAT units. GST activity was measured at
340 nm, using 1-chloro-2,4-dinitro- benzene (CDNB, Sigma) as a substrate for its activity

(Habig et al., 1974).

Considering the glutathione metabolism, glutamate cysteine-ligase (GCL) activity
and glutathione (GSH) content were measured following the protocol of White et al.,
2003. Previously, the mussel tissues (gills and digestive gland) were homogenized (1:5
w/v) in cold buffer (100 mM Tris-HCI, 2 mM EDTA, 5mM MgCl> 6H>0) and centrifuged

at 20.000g for 20 min at 4°C. The pellet was discarded, and the supernatant was stored at
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-80°C. Samples were then evaluated following the reaction of the fluorescent compound
2,3 - naphtalenedicarboxaldehyde (NDA) with GSH and with yglutamyl-cysteine
residues. The reaction is analyzed in fluorimeter (Victor, Elmer) with wavelengths of 472

nm (excitation) and 528 (emission).

2.4. Quantification of lipoperoxidation levels

The concentration of lipid peroxidation was evaluated through the TBARS assay,
accordingly to the protocol of Oakes & Van der Kraak, 2003. The end products of lipid
peroxidation were measured considering the reaction of substances, mainly the
malondialdehyde, with the thiobarbituric acid. In this assay, samples were homogenized
(1:5 w/v) in cold buffer (100 mM Tris-HCl, 2 mM EDTA, SmM MgCl,6H,0) and
centrifuged at 20.000g for 20 min at 4°C. The supernatant was separated and used for this
assay. Samples were then, incubated with thiobarbituric acid, butylated hydroxytoluene,
acetic acid and 8.1 % SDS buffer. Thereafter, each sample was heated to 95 °C for 30 min
to promote color reaction. Analysis were carried out in fluorimeter at 515 nm (excitation)

and 553 nm (emission). The results were expressed as nmol MDA per mg protein.

2.3. Statistical Analysis

Results were presented as mean =+ standard error. All the assumptions (normality
and homocedasticity) were checked previously and one-way ANOVA was applied. The
significance level was set at 5% (p < 0.05) and whenever significant, the Tukey HSD

post-hoc test was conducted.

3. Results
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No mortality was observed during the experiments. Considering the effects of
chlorothalonil on the antioxidant defense system of mussels, in general, our results

demonstrate that both concentrations tested (0.1 pg/L and 10 pg/L) altered the activity of

the parameters evaluated.

Concerning SOD activity, an increase was observed in the gills after 24 h of
exposure to the highest concentration of chlorothalonil (10 pg/L). This effect was not
observed after 96 h of exposure (Fig. 1A). Despite of this increase in the gills, a decrease
in its activity was observed in the digestive gland after 24 h of exposure to the biocide, in
both concentrations tested. Again, this response was not observed at the end of the
experimental period (96 h) (Fig. 1B). The activity of catalase was not significantly altered
by any of the concentrations tested, neither in the gills (Fig. 1C) nor in the digestive gland
(Fig. 1D) during both experimental time. Regarding GST activity, no effects of the
biocide chlorothalonil were observed in the gills, neither at 24 h or 96 h of exposure (Fig.
1E). However, in the digestive gland, a decrease in the activity of this enzyme was

observed at 24 h (Fig. 1F). This effect was not observed after 96 h of exposure.
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Fig. 1. Biochemical analyses of antioxidant defenses in the gills and in the digestive gland
of mussels Perna perna exposed to chlorothalonil. Animals were exposed to 0.1 pg/L and
10 pg/L of chlorothalonil for 24 h and 96 h. Gills (left) and digestive gland (right) were
analyzed for the activity of superoxide dismutase (SOD) (Fig. 1A and 1B), catalase (CAT)
(Fig. 1C and 1D) and glutathione S-transferase (GST) (Fig. 1E and 1F). Values are

presented as units of enzymes (U SOD, U CAT and U GST). Data were analyzed by one-
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way ANOVA followed by the Tukey HSD post hoc test. Different letters indicate

statistical differences (p < 0.05).

GCL activity, also measured in the gills and in the digestive gland, was altered
after 24 h and 96 h of chlorothalonil (Fig. 2). In the gills, a decrease of GCL activity was
noticed on animals exposed for 24 h to 10 pg/L and in animals exposed for 96 h to 0.1
pg/L and 10 pg/L of chlorothalonil (Fig. 2A). In the digestive gland, an increase of GCL
activity was observed in animals exposed to 0.1 pg/L of chlorothalonil for 96h (Fig. 2B).
Contrary to GCL activity, GSH levels were not significantly altered in the gills (Fig. 2C).
However, a reduction in the levels of glutathione was observed in the digestive gland after

24 h of exposure to 10 pg/L of the biocide (Fig. 2D).
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Fig. 2. Glutathione metabolism evaluated by the levels of glutamate cysteine-ligase
(GCL) and glutathione (GSH) content in the gills and in the digestive gland of mussels
Perna perna exposed to chlorothalonil. Animals were exposed to 0.1 ug/L and 10 pg/L
of chlorothalonil for 24 h and 96 h. Gills (left) and digestive gland (right) were analyzed
for the activity of GCL (Fig. 2A and 2B) and GSH (Fig. 2C and 2D). Values are presented
as nMoles of GCL and nMoles of GSH. Data were analyzed by one-way ANOVA

followed by the Tukey HSD post hoc test. Different letters indicate statistical differences

(p <0.05).

The levels of lipid peroxidation were also evaluated after chlorothalonil exposure.
Gills presented a reduction in the levels of TBARS after 24 h of exposure (Fig. 3A),

returning to normal levels at 96 h. No alterations were observed in the digestive gland

(Fig. 3B).
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Fig. 3. Lipoperoxidation evaluated by the TBARS method in the (A) gills and in the (B)
digestive gland of mussels Perna perna. Animals were exposed to 0.1 pg/L and 10 pg/L
of chlorothalonil for 24 h and 96 h. Values are presented as mean =+ standard error. Data
were analyzed by one-way ANOVA followed by the Tukey HSD post hoc test. Different

letters indicate statistical differences (p < 0.05).
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4. Discussion

Despite the economical importance of the antifouling paints to shipping industries,
its known that biocides, presented in those paints, may be agents causing toxicity to tmany
marine organisms, including non-target ones. Although many of these compounds were
considered less harmful to the environment than the organotin-based compounds (Yebra
et al., 2004), many organisms, such as diatoms (Bao et al., 2011) and ascidians (Cima et
al., 2008) were highly sensitive to the new generation booster biocides. Mussels, as
evaluated in this study, were also affected by chlorothalonil, a third-generation compound

and a potent fungicide used in agriculture as well.

Mussels are distributed worldwide and are recognized as one of the most useful
biological indicators of pollution (Viarengo et al., 1995). As filter-feeding organisms,
mussels not only remove materials from the water column, but they can induce the cycling
of the nutrients in the environment (Dame, 1996). They are also capable of accumulating
within their soft tissues many types of contaminants presented in seawater (Viarengo &
Canesi, 1991). Studies have shown that mussels can accumulate metals (Estrada et al.,
2017), hydrocarbons (Liichmann et al., 2011), pesticides (Pariseau et al., 2009) and other
organic compounds (Varol & Siinbiil, 2017; Quintas et al., 2017) in their soft tissues
which can induce several damages related to contaminant’s exposure and accumulation.
Due to its relative rapid degradation and/or metabolization (Davies, 1985; Gallagher et
al., 1991; Sakkas et al., 2002), few studies have evaluated chlorothalonil’s capacity to
accumulate in animal tissues. Most of the published data are related to chlorothalonil
persistency in soils. In natural seawaters, chlorothalonil is expected to degrade after four
weeks and even faster, when the seawater is enriched with cultured bacteria (Voulvoulis
et al., 2000). Preliminary results of our group suggest that chlorothalonil does not seem
to accumulate in the tissues of mussels P. perna (data not shown), at least in its original
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form. Further studies regarding chlorothalonil accumulation and metabolization should
be developed. However, accumulating it or not, studies have related several types of
damages to organisms because of chlorothalonil’s exposure (Barreto et al., 2018;

Guerreiro et al., 2017; Cima et al., 2008).

The underlying mechanisms involved in chlorothalonil’s toxicity are still under
investigation. Nevertheless, studies have already demonstrated that this compound has
affinity to bind to sulthydryl groups of peptides and proteins (Tillman et al., 1973). Its
involvement in cellular respiration and in the glycolytic pathway, through inhibition of
NADPH oxidase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been
discussed (Long & Siegel, 1975; Baier-Anderson & Anderson, 2000). Glutathione
(GSH), a known target of chlorothalonil, is a tripeptide that contains a sulthydryl group
due to the presence of a cysteine residue and participates in the antioxidant defense system
of organisms in order to maintain the redox state of cells (Regoli & Giuliani, 2014).
Besides, it i1s an important agent in cellular detoxification processes, since it can be
conjugated with endogenous or exogenous compounds (Meister & Anderson, 1983). In
this context, GSH can intercept electrophilic and oxidant species, preventing damages to
nucleic acids and to proteins (Pompella et al., 2003; Trevisan et al., 2016). Elevated GSH
levels are usually related to an increase in the resistance capacity against oxidative stress,
while GSH decrease might lead to an increase of oxidative damage. As observed by
Davies (1985) and Gallagher and colleagues (1991), GSH is important in chlorothalonil’s
toxicity. Those authors observed a marked decrease in GSH levels in fishes exposed to
the compound, followed by an increase in the GST activity, leading to the formation of

mono-, di- and tri-glutathione/chlorothalonil conjugates.

In this study, alterations in GSH levels were observed in the digestive gland, but

not in the gills. Despite the absence of alteration in the levels of GSH in the gills, we
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could observe that GSH content was higher in this tissue, when comparing to the levels
found in the digestive gland. Studies (Ahmad et al., 2011; Trevisan et al., 2014; 2016)
have been suggesting that gills are the key player in bivalve defenses since they can be
acting as a metabolic barrier against an electrophilic burden, therefore proving higher
defense ability against many contaminants. Regarding the digestive gland, we could
observe that chlorothalonil induced the decrease in the levels of both GSH and GST. This

decrease might contribute to chlorothalonil’s toxicity.

Besides GSH levels itself, chlorothalonil was responsible for altering other
enzymes related to glutathione metabolism. The activity of GCL, the main enzyme
responsible for GSH biosynthesis through the binding of glutamic acid and cysteine
(Regoli & Giuliani, 2014), was decreased in the gills after 24 h and 96 h of exposure to
the contaminant. This decrease is not reflecting the GSH levels observed, which could be
related to others enzymes involved on GSH metabolism, like glutathione-reductase (GR)
or due to the lack of cysteine residues available (Meister & Anderson, 1983). Even though
the activity of GR was not assessed in this study, it is clear that this enzyme is important
for the maintenance of the GSH/GSSG ratio and due to its activity, the levels of GSH
could remained unaltered in the present study. Results observed in the literature,
considering the enzymes involved in the biosynthesis of glutathione, are still divergent.
Barreto and colleagues (2018), for example, demonstrated that GCL activity was
increased in polychaetas exposed for 24 h to 100 pg of chlorothalonil/L. This response
was not observed in other concentrations tested, such the ones used in the present study
(0.1 pg and 10 pg of chlorothalonil/L). Similarly, the GSH content evaluated by Barreto
and colleagues (2018) remained unaltered. Other studies with bivalve species (Danielli et
al., 2017; Trevisan et al., 2016) evaluated the levels of transcripts of GCL, but not its

activity. Authors observed increases in GCL mRNA levels for the Pacific oyster C. gigas
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after exposure to NEM (N-ethylmaleimide), CDNB (1-chloro-2,4-dinitrobenzene) and
curcumin and suggested that GCL mRNA increases might be important for the
maintenance of GSH content (Danielli et al., 2017; Trevisan et al., 2016). Although
molecular responses, like this increase in GCL expression, are usually assumed to reflect
similar changes in enzyme functions, many processes might be altering the endpoint

results, such as post-translational modifications and protein turnover (Regoli et al., 2011).

GSTs are enzymes related to the biotransformation of xenobiotics and to the
antioxidant defense system. It is an important phase II detoxification enzyme that is
involved in the conjugation of glutathione with a variety of different organic compounds
(Boyland & Chasseaud, 1969). Also, these enzymes play a vital role in the protection of
oxidative stress, since it catalyzes the conjugation of oxidative products of DNA and
lipids with glutathione (Prohaska, 1980; van der Oost et al., 2003). It is known that under
environmental stress situations, mussels can amplify their detoxification systems through
increases in the GST activity (Bainy et al., 2000). According to Gallagher and colleagues
(1991), increases in GST activity would be important for the protection of the organisms
against chlorothalonil toxicity, since this compound is mainly metabolized through
glutathione conjugates. Our findings, however, suggests that GST decreases might be
correlated with the increase in the toxicity of chlorothalonil for mussels P. perna. Since
GST mediates the metabolism of this compound, both GST and GSH decreases can be
expected. As observed in the present study, both molecules were altered in the digestive
gland of animals exposed to the contaminant. A reduction in both levels and activity were

seen for mussels P. perna.

Considering that chlorothalonil is capable of altering GSH and GST and might be
the agent causing oxidative stress for mussels P. perna, other enzymes, such as SOD and

CAT, were also evaluated. Both SOD and CAT participates in the antioxidant defense
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system of organisms, also acting to protect cells from oxidative damage caused by
contaminant exposure (Livingstone, 2001). SOD plays a crucial role in the antioxidant
defense system, since it catalyzes the dismutation of superoxide radicals (O2") to
hydrogen peroxide (H>O2) and oxygen (O2) (Regoli & Giuliani, 2014). According to
Escobar et al. (1996), alteration in SOD activity might be related, even, with the ROS
production. While some authors suggest that elevated ROS levels may inhibit some
antioxidant enzymes, like SOD (Escobar et al., 1996), others suggest that the increase in
ROS production might be the stimuli for the antioxidant signaling pathway to drive
antioxidant responses (Zhao et al., 2017). It can be suggested that the differences observed
in SOD activity might be related to an organ-specificity. Because gills are considered the
major site of uptake of chemicals from water (Hayton & Barron, 1990), the increase
observed in SOD activity in this site might be important, since it can provide a better
protection against the ROS formation. Therefore, the decrease in LPO levels in the gills
might be correlated with this increment of the antioxidant defense system. The decrease,
however, observed in the digestive gland might indicate an impairment of the antioxidant
defense system after the exposure to the biocide. In general, our results suggest that gills
and digestive gland have different patterns of responses. While gills presented higher
GSH levels and increases in SOD activity, the digestive gland presented lower levels of
GSH content and decreases in both SOD and GST activities. Corroborating with this
hypothesis, Ahmad et al., (2011) demonstrated that the bivalve Scrobicularia plana,
presented antioxidant responses in a clear pattern of increases in the gills and decreases

in the digestive gland after the exposure to mercury.

Concerning the peroxidation levels, a decrease was observed in the gills of
organisms exposed to chlorothalonil. Similar responses were observed by Barreto and

colleagues (2018) when subjecting polychaetas L. acuta to the compound. Those authors,
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in fact, observed an increment of LPO levels only in the highest concentration of
chlorothalonil tested (100 pg/L), but not in the other concentrations similar to the present
study (0.1 pg/L and 10 pg/L). Therefore, chlorothalonil’s toxicity can be correlated with
the alteration of the antioxidant defenses which are extremely important for avoiding

oxidative stress situations.

5. Conclusions

Extensive applications of antifouling biocides are causing an impact in many
marine organisms. The use of chlorothalonil, as an alternative biocide for example, is
exerting many effects in non-target animals, such as mussels Perna perna. As
demonstrated by our results, this compound can alter the antioxidant defense system of
the mussels P. perna, which could impact negatively in their health status. Besides, we
were able to highlight the differences in the responses of the tissues, which suggests that
the responses behaved in a tissue-specific manner. In this context, it can be suggested that
the biocide chlorothalonil 1s harmful for this specie of mussel, being capable of alter the

glutathione metabolism and others enzymes of the antioxidant defense system.
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Discussio geral

O clorotalonil ¢ um fungicida utilizado como co-biocida em formulagdes de tintas
anti-incrustantes. Devido as suas propriedades antifungicas e a sua alta efetividade como
um biocida, este composto foi considerado uma alternativa viavel e menos toxica do que
0s compostos organoestanicos, como o TBT (tributil estanho) (Yebra et al., 2004). No
entanto, os efeitos causados por este composto em organismos nao-alvo tém gerado
bastante preocupagdo (Bellas, 2006; Bao et al., 2011; Kousaftis & Ayoama, 2007).
Estudos j& demonstraram que o clorotalonil tem a capacidade de alterar o
desenvolvimento larval de diferentes organismos (Bellas, 2006), bem como de reduzir a
sobrevivéncia dos mesmos (Ernst et al., 1991). Neste sentido, o presente estudo focou em
investigar os possiveis efeitos sub-letais do biocida clorotalonil sobre os mexilhdes P.

perna.

Em geral, a toxicidade dos compostos quimicos esta ligada a sua bioacumulacao
nos tecidos ou a sua metabolizagao. Considerando que o clorotalonil tem uma degradacdo
relativamente radpida em ecossistemas aquaticos (Sakkas et al., 2002b), poucos sdo os
estudos que conseguiram observar sua capacidade de acumulagdo nos tecidos de
organismos. Dados preliminares do nosso grupo de estudo ndo conseguiram detectar o
clorotalonil nos mexilhdes P. perna expostos por 96h ao composto. No entanto, outro
grupo de pesquisa (Pariseau et al., 2009) conseguiu observar que, tanto o composto
original quanto os produtos do seu metabolismo, estavam presentes nos tecidos de
bivalves Mya arenaria expostos em laboratorio ao clorotalonil. Interessantemente, o
clorotalonil s6 era detectavel por até 4h apds o periodo de exposi¢do, enquanto que os
produtos do seu metabolismo eram detectaveis por até 72h (Pariseau et al., 2009). Neste

sentido, percebe-se que o composto ¢ rapidamente metabolizado nas células de
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vertebrados e invertebrados através de processos de biotransformagdo, por CYP e por

conjugacao com a glutationa.

A biotransformacdo de xenobidticos ocorre tanto em vertebrados quanto em
invertebrados e € um processo essencial para a defesa dos organismos contra a toxicidade
dos compostos quimicos (Livingstone, 1998). E através das rea¢des de biotransformagio
que os xenobiodticos podem ser mais facilmente excretados (Livingstone, 2001; van der
Oost et al., 2003). Sendo assim, as enzimas responsaveis por reagdes de biotransformagao
de fase I e II atuam em prol da conversdo de compostos apolares em polares ¢ mais
soluveis em agua (Livingtone, 1985; 1998). Apesar de poucos estudos abordarem a
biotransformagao do clorotalonil em invertebrados marinhos, sabe-se que este composto
pode ser metabolizado principalmente pela glutationa S-transferase (Davies, 1985;
Gallagher et al., 1991; Rosner et al., 1996). Estes autores observaram que, uma vez que o
composto entre nas células, metabolitos conjugados com a glutationa podem ser

observados.

Dentre as enzimas de fase I de biotransformacao, as pertencentes ao complexo
citocromo P450 (CYP) tém sido amplamente estudadas. Investiga-se que, tanto em
vertebrados, quanto em invertebrados, essas enzimas sejam responsaveis pelo
metabolismo de diversos xenobiodticos, bem como pelo metabolismo de muitos substratos
endogenos, como eicosanoides e esteroides (Nebert & Russel, 2002). Em bivalves,
estudos tém demonstrado que, frente a contaminantes ambientais, alteracdes na
transcricdo génica, na atividade enzimatica e nos niveis proteicos de CYP, podem ser
observados (Bebiano et al., 2017; Livingstone, 1989; Livingstone et al., 1998; Piazza et
al., 2016; Sole & Livingstone, 2005; Wootton et al., 1995). No presente estudo, pode-se
observar que, mexilhdes P. perna que haviam sido expostos ao clorotalonil aumentavam

os niveis de mRNA da isoforma de CYP1A42-like. E interessante destacar que, tanto a
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CYPI, quanto a CYP2 possuem envolvimento com a biotransformagao de xenobioticos
(Nebert & Russel, 2002), diferentemente de outras isoformas que possuem substratos

diferentes (Kirischian & Wilson, 2012; Tian et al., 2014).

Geralmente, as enzimas pertencentes ao citocromo P450, principalmente a
CYP1Al, sdo reguladas transcricionalmente pelo receptor de hidrocarbonetos arila (AhR)
(Hahn, 2002). Este receptor € um conhecido fator de transcri¢do, auto induzivel, que pode
ser encontrado em diversos grupos animais, inclusive em bivalves (Butler et al., 2001;
Liu et al.,, 2010; Tian et al., 2013). Nestes organismos, o AhR-like parece ter sua
transcri¢do aumentada apos a exposicao a diversos xenobidticos, como ao BaP (Cai et al.,
2016; Liu et al., 2010; Tian et al., 2013) e ao TBT (Kim et al., 2015). A exposi¢ao ao
clorotalonil, avaliada no presente estudo, também aumentou a transcricdo do gene AhR-
like em mexilhdes P. perna. Apesar de o conhecimento acerca da via de ativagao deste
receptor ser basicamente para vertebrados, estudos demonstram que o AhR tem sua
importancia também em invertebrados. De fato, o AhR, além de ter um papel na regulacao
de genes chave para biotransformacgao, parece ter relagdo com o ciclo celular e com a
maturacao sexual dos organismos (Butler et al., 2004; Ma & Whitlock, 1996; Reitzel et

al., 2014).

Em vertebrados, sdo conhecidos varios ligantes para o AhR, sendo os mais
estudados o TCDD (2,3,7,8-tetra-chlorodibenzo-p-dioxina), o BNF (beta-naftoflavona) e
o FICZ (6-formilindolo [3,2-B] carbazol) (Larigot et al., 2018). Em invertebrados, ainda
se investiga quais seriam os ligantes desse receptor. Nao se sabe, por exemplo, se o
clorotalonil poderia ser um dos possiveis ligantes para o AhR, ja que ¢ estruturalmente
semelhante (Fig. 6). Nos estudos de Reitzel e colaboradores (2014) e de Butler e
colaboradores (2001), por exemplo, foi visto que dois dos mais fortes ligantes para

vertebrados (TCDD e BNF) nao foram capazes de ativar o receptor AhR em anémonas
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do mar Nematostella vectensis € nem em bivalves Mya arenaria. Além disto, a indugao
da expressao de CYPI nao foi observada em mexilhdes Mytilus edulis expostos ao TCDD,
ao BNF e ao FICZ, sugerindo que o AhR de invertebrados ndo se liga aos classicos
ligantes de vertebrados (Zanette et al., 2013). Portanto, o aumento na expressao génica
do AhR, observada no estudo de Liu e colaboradores (2010), inclusive no presente estudo,
sugere que o AhR possa estar atuando de maneira independente dos classicos ligantes.
Butler e colaboradores (2001) sugerem ainda que o AhR em invertebrados possa ser
alternativamente, um receptor 6rfao, que necessita de ligantes (ainda desconhecidos)

estruturalmente diferentes das dioxinas.

CN
Cl Cl
Cl CN
Cl
CLOROTALONIL

Cl 0] Cl

TCDD BNF FICZ

Figura 6. Estruturas moleculares do clorotalonil e dos ligantes classicos do AhR:
TCDD (2,3,7,8-tetra-chlorodibenzo-p-dioxina), BNF (beta-naftoflavona) e FICZ (6-
formilindolo [3,2-B] carbazol).

Considerando que o presente estudo observou tanto o aumento na expressao
génica do gene AhR-like quanto do gene CYPIA2-like, esperar-se-ia que ambos
estivessem correlacionados, tal como acontece em espécies de vertebrados. No entanto, a

falta de inducdo de CYP pelos agonistas cldssicos, como demonstrado por Zanette e
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colaboradores (2013) sugere que talvez o AhR nao esteja envolvido com a regulagdo deste
grupo de proteinas no modelo estudado. Neste sentido, outras vias, que ndo somente a do
AhR, podem estar atuando sobre a expressao de genes de fase I e II de biotransformagao

em mexilhdes P. perna apds exposicao ao clorotalonil.

Dentre as vias de sinalizacdo que podem ser ativadas por diferentes xenobidticos,
podemos destacar também a via do Nrf2. O Nrf2 ¢ um fator de transcri¢do envolvido na
regulacdo génica de diversas proteinas que realizam a protecao das células contra danos
oxidativos (Osbur & Kensler, 2008). Em situacdes de estresse, o Nrf2 ¢ dissociado da
proteina Keap1 e se transloca para o ntcleo, onde se liga a sequéncias consensus de genes
alvo (ARE) presentes no DNA (Regoli & Giuliani, 2014; Tong et al., 2006). Dentre estes
genes que podem ser ativados pelo Nrf2 podemos citar a SOD, a CAT, a GST, entre outros.
Ja foi visto inclusive que, espécies reativas de oxigénio, produzidas pelos xenobidticos,
possuem a capacidade de promover a ativagao do Nrf2 e, por conseguinte, ativar a via de
sinaliza¢do comandada por ele (Ehren & Mabher, 2013; Regoli & Giuliani, 2014; Danielli

etal., 2017a, 2017b).

Em razdo destas duas vias serem importantes na defesa contra xenobioticos,
estudos tém investigado se as mesmas atuam separadamente ou em conjunto. A principio,
diferentes autores (Vasiliou et al., 1995; Miao et al., 2005) observaram que o AhR tem a
habilidade de se ligar tanto a sequéncias XRE, quanto a sequéncias ARE, podendo ativar
assim a via do Nrf2, além da sua propria. Miao e colaboradores (2005), ainda,
demonstraram que pode existir uma ligagao direta do AhR na regido promotora do gene
Nrf2 e que isto, poderia levar a ativagdo de ambas as vias. Neste contexto, a indug@o dos
genes CYPI1A2-like, SULT-like, MGST-like, GSTO-like, SOD-like ¢ AhR-like observadas
em Perna perna ap6s exposicao ao clorotalonil pode ter relagdo com a ativagao das duas

vias citadas anteriormente (Fig. 6).
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Figura 7. Esquema representativo de como seria a sinalizacdo ativada pelo
clorotalonil. Interrogagdo (?) estd presente em pontos onde ainda ndo se sabe qual o
mecanismo exato envolvido. Apds a exposicao dos organismos ao biocida, o mesmo entra
nas cé€lulas e (1) interage com o AhR, sendo um possivel ligante para este receptor,
ativando-o e estimulando a via de sinalizagdo controlada por ele, que por sua vez, controla
a transcri¢ao de genes de biotransformacao e defesa antioxidante; ou (2) induz o aumento
de espécies reativas de oxigénio (ERO). Estas ERO teriam a capacidade de ativar outras
duas vias de sinalizagdo, tais como a do (3) Nrf2 e a do (4) NF-kB. A ativagdao do Nrf2
pode ocorrer diretamente pelas ERO, ou indiretamente através da fosforilacdo por
algumas quinases. Assim, o Nrf2 pode promover a ativacdo da sua via de sinalizacdo e a
transcricdo de genes envolvidos na defesa antioxidante. As ERO, por outro lado, tém a
capacidade de ativar, indiretamente, o (5) NF-kB, devido a interagdo do mesmo com
quinases, como a MAPK. Por conseguinte, o NF-kB regula a transcricio de genes
envolvidos no sistema imune.

Considerando que muitos contaminantes ambientais sdo capazes de alterar o status
redox das células dos organismos e, assim, alterar as vias de sinalizacdo do AhR e do
Nrf2, estima-se que isso ocorra também em organismos expostos ao clorotalonil. Em
relagdo ao clorotalonil, os estudos de Barreto e colaboradores (2018) ¢ de Cima e

colaboradores (2008), sugerem que o composto € capaz de induzir alteragdes oxidativas

aos poliquetas L. acuta e aos tunicados B. scholosseri, respectivamente. Barreto e
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colaboradores (2018) observaram tanto um aumento na atividade das enzimas GCL e
GST, quanto uma queda nos niveis de glutationa reduzida e na capacidade antioxidante
total dos poliquetas. De maneira similar, o presente estudo também observou que o
clorotalonil foi capaz de alterar o balanco redox das células de mexilhdes. As alteragdes
observadas no presente estudo foram relativas a atividade das enzimas do sistema de
defesa antioxidante (GST, SOD), e dos niveis da glutationa, um importante tripeptideo
que ¢ fundamental para o balanco redox (Jozefcka et al., 2012; Pompella et al., 2013).
Considerando que a glutationa estd envolvida tanto em processos de
biotransformacao, quanto de defesa antioxidante, ¢ comum esperar que, frente a uma
exposi¢cdo a um contaminante ambiental, o organismo altere seus niveis. Estudos sugerem
que, quanto mais elevados os niveis de GSH, maiores sdo as prote¢des dos organismos
contra moléculas oxidantes e eletrofilicas (Trevisan et al., 2016). Logo, quanto mais
baixos estes valores, maior a vulnerabilidade dos organismos frente ao dano oxidativo.
Estudos realizados com o clorotalonil tém sugerido que o mesmo ¢ responsavel pela
diminui¢do da GSH presente nas células (Tillman et al., 1973; Gallagher et al., 1992). De
fato, este seria um dos mecanismos de toxicidade apresentados pelo composto (Gallagher
et al., 1992). Corroborando com estes dados, o presente estudo, demonstra que
diminui¢des dos niveis de GSH sdo observados na glandula digestiva de mexilhdes P.
perna. De maneira similar, Cima e colaboradores (2008) também observaram
diminui¢des no conteido de GSH apds a exposicdo de tunicados B. schlosseri ao

clorotalonil.

Outro componente importante no processo de toxicidade do clorotalonil ¢ a
glutationa S-transferase. Essas enzimas sdao importantes tanto no processo de
biotransformacao, quanto de defesa antioxidante, pois conjugam a glutationa com

compostos quimicos e também com produtos oxidativos do DNA e dos lipidios
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(Prohaska, 1980; van der Oost et al., 2003). Estudos tem observado que o aumento da
atividade de GST em animais que foram expostos ao clorotalonil pode ser um mecanismo
protetivo apresentado por eles (Gallagher et al., 1991). Sendo assim, no presente estudo
foram avaliadas a transcri¢ao de dois genes da familia de GST: as GSTs citosolicas e as
GSTs microssomais. As GSTs citosolicas sdo proteinas abundantes nas células que
compreendem aproximadamente de 200-250 aminoacidos (Higgins & Hayes, 2011). De
acordo com suas propriedades enzimaticas, seus substratos especificos € com as suas
sequéncias de aminoacidos, essas proteinas foram divididas em vérias classes (alfa,
sigma, Omega, teta) (Hayes et al., 2005; Konishi et al., 2005). No presente estudo, a classe
estudada foi a 6mega, que parece ter um envolvimento com a neutralizacdo e eliminagao
de ERO (Girardini et al., 2002; Burnmeister et al., 2008; Wan et al., 2009). Essa classe,
como observada em outros estudos com a espécie de gastropode Haliotis discus discus
(Wan et al., 2009) pode ser altamente induzida por compostos organicos e inorganicos,
tais como cadmio, cobre, mercurio e TBT e BaP. Da mesma forma, foi observado no
presente estudo a indugdo da transcrigdo do gene da GST Omega-like em P. perna

expostos ao clorotalonil.

As GSTs microssomais, por outro lado, sdo consideradas menores (~150
aminoacidos) e estdo ligadas a membrana celular, onde parecem ter um envolvimento
com processos de biotransformagdo (Jakobsson et al., 1997; Kim et al., 2009). Como
demonstrado por Kim e colaboradores (2009), estas proteinas, também chamadas de
MAPEGs (membrane-associated proteins in eicosanoid and glutathione metabolism),
sa0 muito mais expressas em 6rgaos de metabolizacdo de xenobiodticos, como o figado,
do que as GSTs citosolicas. Como demonstrado no presente estudo, tanto a GSTO-like
quando a MGST-like, tiveram sua transcrigdo aumentada nas branquias de mexilhdes P.

perna. Esse aumento de expressao génica nao refletiu na atividade enzimatica observada.
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Enquanto que ndo houve diferenca na alteragdo da atividade da GST nas branquias dos
mexilhdes, houve uma diminui¢ao da atividade na glandula digestiva dos organismos.
Essa redugdo nos niveis de GSH e na atividade da GST foi apenas observada na
glandula digestiva. Nas branquias, a GSH e a GST se mantiveram constantes. E
necessario destacar que os tecidos de mexilhdes (branquias e glandula digestiva)
desempenham papéis diferentes na defesa dos organismos contra xenobidticos. Enquanto
a glandula digestiva seria um 6rgao mais voltado para digestdo, as branquias seriam chave
em processos de defesa, ja que sdo consideradas como a primeira barreira contra a entrada
dos compostos quimicos (Ahmad et al., 2011; Trevisan et al., 2014; 2016). Além disto,
alguns efeitos que sdo observaveis a nivel transcricional, ndo necessariamente refletem
respostas funcionais em invertebrados marinhos (Giuliani et al., 2013). Autores como
Giuliani e colaboradores (2013) e Regoli e colaboradores (2011) tem sugerido que
diversos fatores intracelulares, como a alterac¢do da estabilidade do mRNA, o turnover de
proteinas e as alteracdes poOs-traducionais de proteinas, por exemplo, podem afetar essa

relagdo entre expressao génica e atividade enzimatica.

Além da GST e da GSH, outros componentes do sistema de defesa antioxidante
sao considerados importantes na defesa contra as espécies reativas de oxigénio
(Livingstone, 2001). Estudos que avaliaram estas enzimas, observaram que alteracdes nos
seus niveis podem ser importantes para os organismos (Escobar et al., 1996; Zhao et al.,
2017). No presente estudo, ndo foi visto alteracdo na atividade enzimatica da CAT. Ja
quanto a SOD, foram observadas alteragdes tanto a nivel transcricional quando a nivel de
atividade enzimatica: nas branquias, houve um aumento de expressao génica, bem como
um aumento na atividade enzimatica; na glandula digestiva, houve diminuicdo na
atividade desta enzima. De acordo com Escobar et al., (1996) e com Zhao et al., (2017),

a alteragdo na atividade destas enzimas pode ter relagdo com o aumento da producao de
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ERO. Estes autores sugerem que um aumento nos niveis de ERO pode levar a inibigao de
enzimas antioxidantes, bem como a estimulagdo da via de sinalizacdo das mesmas (Zhao
et al., 2017). Sendo assim, o aumento da SOD observado nas branquias ¢ importante, ja
que pode estar ligado a um mecanismo de protecao do organismo contra as espécies
reativas de oxigénio formadas. E importante destacar que, novamente, os resultados
apresentados no presente trabalho demonstram haver diferencas entre as respostas
observadas na glandula digestiva aquelas observadas nas branquias. Percebe-se que tanto
a atividade de enzimas quanto os niveis basais delas sdo diferentes entre os dois tecidos
analisados. Sugere-se que, para mexilhdes P. perna, respostas tecido-especificas estejam
ocorrendo. Ahmad e colaboradores (2011) demonstraram que para bivalves Scrobicularia
plana, had essa mesma diferengca entre as respostas teciduais frente as atividades
enzimadticas. Estes autores observam que as branquias, principal 6rgao de defesa contra
compostos quimicos, geralmente apresentam um aumento nas respostas antioxidantes,

enquanto que a glandula apresenta uma reducdo destas respostas.

Levando em consideragdo que o mecanismo de a¢do do clorotalonil parece ter
relagdo com os niveis de glutationa e que a mesma esta envolvida em processos celulares
importantes, ¢ de se esperar que este composto tenha efeitos, ainda, sobre o sistema
imunologico dos organismos. Resultados do estudo de Tillman e colaboradores (1973)
sugerem que a diminuicao dos niveis de GSH em fun¢do da interacdo com o clorotalonil,
reflete diretamente na viabilidade celular de fungos S. pastorianus. Para bivalves e para
os demais organismos, a perda de viabilidade dos hemocitos pode ser critica, ja que estas
células realizam um papel importante no sistema imunologico dos organismos. Uma vez
que as células (hemdcitos) dos organismos nao sejam viaveis, estes individuos carecem
do principal responsavel pela defesa interna contra patégenos e outros estressores (Beck

& Habicht, 1996).
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Em bivalves, os hemocitos sdo importantes no reconhecimento de moléculas
estranhas ao corpo (Song et al., 2010). Ja foi visto que as células destes organismos
realizam efetivamente a fagocitose de diversas substancias, entre elas bactérias, fungos,
algas, etc. (Canesi et al., 2002; Song et al., 2010). De acordo com alguns autores (Ciacci
etal., 2011; Cheng & Sullivan, 1984), a atividade fagocitica dos hemocitos de mexilhdes
pode ser alterada em frente a exposi¢ao a um contaminante ambiental. Ja foi visto que ela
pode se encontrar aumentada ou diminuida, dependendo do contaminante ao que o animal
foi exposto (Ellis et al., 2011). No caso do clorotalonil, o estudo de Cima e colaboradores
(2008) com células de ascidias B. schlosseri, demonstrou que tanto o processo de
migracdo celular quanto a atividade fagocitica, se encontravam diminuidas em fun¢do da
exposicdo ao composto. J& no estudo de Baier-Anderson & Anderson, (2000) foi visto
que os hemocitos de ostras ndo alteravam a atividade fagocitica frente a exposicdo ao
clorotalonil. No entanto, os autores puderam observar uma redugdo dos niveis de ERO
produzidos pela NADPH oxidase (Baier-Anderson & Anderson, 2000). De fato, a
NADPH oxidase ¢ uma enzima importante para a defesa dos organismos contra
patdgenos, pois estimula a producdo de ERO citotoxico (Babior, 1999; Segal, 1995).
Considerando que estudos sugerem que o mecanismo de toxicidade do clorotalonil esta
relacionado com os grupos sulfidrila de moléculas, logo, ¢ esperado que a NADPH
oxidase, assim como a producdo de ERO sejam alteradas em funcdo da exposi¢cdo ao

composto.

Como demonstrado no presente estudo, o clorotalonil afetou varios parametros
relacionados a defesa celular e a exposicao resultou em toxicidade para os hemocitos dos
mexilhdes P. perna. Dados observados no presente estudo demonstram que tanto o
processo de adesdo celular quanto a atividade fagocitica se encontravam alterados em

mexilhdes P. perna que foram expostos ao clorotalonil. Diferentemente dos trabalhos
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ressaltados anteriormente, estes processos se encontravam aumentados, ao invés de
suprimidos, o que nos sugere uma estimulagdo do sistema imunologico por parte do
composto. Quanto a producao de ERO, no entanto, ndo foram observadas diferencas.
Diferengas neste processo seriam interessantes, ja que auxiliariam os animais a se
defender efetivamente de patogenos que, por ventura, poderiam surgir. Desta forma,
percebe-se que o clorotalonil pode deixar os mexilhdes vulneraveis a a¢do de diversos
patogenos e outros contaminantes presentes no ambiente, ja que afeta algumas das defesas
imunoldgicas dos organismos, responsaveis pela defesa interna. Além disto, por mais que
o composto estimule o funcionamento destas defesas, o mesmo estd gerando toxicidade

aos hemocitos.

E interessante ressaltar que as defesas imunolégicas dos mexilhdes podem ser
controladas pelo fator de transcrigdo NF-kB (nuclear factor kappa B), o qual é responsivo
a situagdes de estresse celular (Schmitt et al., 2011) (Fig. 6). Estudos ja demonstraram
que este fator de transcri¢do, quando ativado, se transloca para o nicleo onde se liga a
sequéncias especificas no DNA diferentes daquelas comentadas para o AhR e para o Nrf2,
e regula a transcricdo de genes pro-inflamatoérios, pro-apoptoticos e de migragao celular,
por exemplo (Regoli & Giuliani, 2014). Além disto, alguns autores sugerem que esta via
de sinalizagdo ¢ responsavel também por auxiliar os processos de liberagdao de peptideos
antimicrobianos e reconhecimento de patdgenos e fagocitose (Canesi et al., 2006; Schmitt
et al., 2011). Interessantemente, parece que as vias de sinalizagdo do NF-kB e do AhR
apresentam uma conexao. Tian e colaboradores (1998) sugeriram que uma das
subunidades da proteina NF-kB (RelA) tem a habilidade de se ligar ao AhR, inibindo
assim sua propria via e causando imunossupressdo para os organismos. Sendo assim,
alguns contaminantes que possuem a capacidade de induzir imunossupressao, podem

estar inibindo esta via pela indu¢ao do AhR através da interagdo com a RelA (Guyot et
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al., 2013). No entanto, ainda sd3o poucos os estudos que observaram esta interacdo em

invertebrados.

Em geral, no presente trabalho, pdde ser observado que o clorotalonil ¢
responsavel por induzir diversos efeitos aos organismos (Fig. 8). Efeitos estes
relacionados ao sistema imune dos mexilhdes, ao sistema de defesa antioxidante e a
regulacdo da transcrigao de alguns genes. A fim de avaliar o efeito do biocida clorotalonil
a nivel de organismo, este estudo realizou, ainda, o ensaio SOS. O ensaio SOS (stress on
stress) representa a habilidade do organismo em sobreviver frente a combinacdo de
estressores, geralmente poluente e ar (Viarengo et al., 1995). Neste sentido, mexilhdes
que foram pré-expostos ao clorotalonil por 96 h e, subsequentemente, ao ar, diminuiram
a sua sobrevivéncia. Para mexilhdes, periodos regulares de exposicdo aérea sdo
considerados fenomenos naturais, devido as oscilagdes de ondas e marés (Viarengo et al.,
1995). Porém, por ser um fator estressante, pode levar a mortalidade mais rapidamente

em determinados casos, principalmente quando associado a um poluente.

Essa capacidade de sobreviver a periodos prolongados em hipoxia pode, por
exemplo, provocar uma alteracdo nos processos fisiologicos do organismo de uma
maneira geral. Estudos demonstram que a reducao no uso do oxigénio pode levar a uma
supressao da atividade de enzimas relacionadas a via glicolitica e a sintese proteica
(Hermes-Lima and Zenteno-Savi;n, 2002); menores taxas de crescimento e
desenvolvimento (Welker et al., 2013); e aumento na producao de EROs (Chandel et al.,

2000), podendo levar os organismos ao estresse oxidativo.

Sendo assim, a avaliagdo de estresse geral e os processos de imunidade,
transcricdo génica e atividade enzimatica, podem estar todos interligados. Estudos que
observaram a importancia da glutationa, por exemplo, no balango redox e na

neutraliza¢cdo de ERO, sugerem que a mesma estaria envolvida nos processos celulares
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estudados no presente trabalho, desde imunidade a defesa antioxidante e
biotransformacao a glicélise e etc. Portanto, contaminantes ambientais que tem como alvo
a glutationa, podem ser prejudiciais aos organismos e extremamente toxicos. Por isso, o
ensaio chamado de SOS (stress on stress), o qual foi realizado no presente estudo, ¢ um
indicador de estresse geral que nos mostra como o organismo pode estar sendo afetado
no seu habitat natural. Sendo assim, o uso do clorotalonil como biocida, ¢ também como
fungicida na agricultura, pode ser preocupante ja que os efeitos que este composto
apresenta foram observados em varios niveis de organizagdo (transcritoma - celular -

tecidual — animal).
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Conclusoes

No geral, o clorotalonil afetou diversos parametros avaliados em mexilhdes P.
perna. Neste estudo, pode ser demonstrado que o biocida apresenta efeitos sobre a
transcricdo de genes importantes para processos de biotransformagdo e defesa
antioxidante, sobre a atividade de enzimas responsaveis por defender o organismo de
danos oxidativos e sobre a funcionalidade dos hemdcitos. Em geral, ficou claro pelos
nossos dados que existem respostas diferenciadas para cada tipo de tecido dos mexilhdes.
Consideramos assim que, em mexilhdes P. perna, respostas tecido-especificas podem ser
observadas quando analisado o sistema de defesa antioxidante. Por fim, deve ser
mencionado que o uso do fungicida clorotalonil deveria ser repensado, ja4 que 0 mesmo

pode ser toxico para organismos ndo-alvo do composto.
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Figura 8. Representacdo esquematica dos resultados observados no -presente trabalho.
De maneira geral, o clorotalonil afetou os parametros relacionados ao sistema imune dos
mexilhdes, ao sistema de defesa antioxidante e a regulagdo da transcricdo génica.
Também foi observado que o tempo de sobrevivéncia ao ar de mexilhdes pré-expostos ao
clorotalonil foi alterado. Neste sentido, setas para cima indicam aumento e setas para
baixo indicam diminui¢do do parametro analisado. Itens marcados com um = significam
que ndo houve alteracdo do parametro analisado. Siglas: AhR (receptor de
hidrocarbonetos arila), CYP1A2 (citocromo P450), SULT (sulfotransferase), SOD
(superoxido dismutase), GST (glutationa S-transferase, GSTO = omega; MGST =
microsomal), GCL (glutamato cisteina-ligase), CAT (catalase)) TBARS
(lipoperoxidacao), GSH (glutationa reduzida).

115



Referéncias

Ahmad, 1., Mohmood, I., Mieiro, C.L., Coelho, J.P., Pacheco, M., Santos, M.A., Duarte,
A.C., Pereira, E. 2011. Lipid peroxidation vs. antioxidant modulation in the bivalve
Scrobicularia plana in response to environmental mercury — Organ specificities and

age effect. Aquat Toxicol 103: 150-158.

Amara, 1., Miled, W., Slama, R.B., Ladhari, N. 2018. Antifouling processes and toxicity
effects of antifouling paints on marine environment. A review. Environ Toxicol

Pharmacol 57: 115-130.

Ansari, N. R., Fernandez, M.A., Brito Jr., J.L., Vidal, L.G., Costa, E.S.A., Malm, O. 2016.
Assessing mercury contamination in a tropical coastal system using the mussel
Perna perna and the sea anemone Bunodosoma caissarum. Environ Monit Assess
188: 679-689.

Babior, B.M. 1999. NADPH oxidase: an update. Blood 93 (5): 1464-1476.

Bachére, E., Rosa, R.D., Schmitt, P., Poirier, A.C., Merou, N., Charriecre, G.M.,
Destoumieux-Garzon, D. 2015. The new insights into the oyster antimicrobial
defense: Cellular, molecular and genetic view. Fish Shellfish Immunol 46: 50-64.

Baier-Anderson, C., Anderson, R.S., 2000. The effects of chlorothalonil on oyster

hemocyte activation: phagocytosis, reduced pyridine nucleotides, and reactive

oxygen species production. Environ Res 83, 72—78.

Baldwin, W.S., Marko, P.B., Nelson, D.R. 2009. The cytochrome P450 (CYP) gene

superfamily in Daphnia pulex. BMC Genomics 10: 169-180.

Barreto, J.S., Tarouco, F.M. Godoi, F.G.A., Geihs, M.A., Abreu, F.E.L., Fillmann, G.
Sandrini, J.Z., da Rosa, C.E. 2018. Induction of oxidative stress by chlorothalonil in

the estuarine polychaete Laeonereis acuta. Aquatic Toxicol 196: 1-8.

116



Bao, V.W.W., Leung, KM.Y., Qiu, J-W., Lam, M.H.W. 2011. Acute toxicities of five
commonly used antifouling booster biocides to selected subtropical and

cosmopolitan marine species. Mar Pollut Bull 62: 1147-1151.

Bejarano, A.C., Chandler, G.T., Decho, A.W. 2005. Influence of natural dissolved
organic matter (DOM) on acute and chronic toxicity of the pesticides chlorothalonil,
chlorpyrifos and fipronil on the meiobenthic estuarine copepod Amphiascus

tenuiremis. ] Exp Mar Biol Ecol 321: 43-57.

Beck, G & Habicht, G.S. 1996. Immunity and the invertebrates. Sci Am 275: 60-64.
Bebianno, M.J., Mello, A.C.P., Serrano, M.A.S., Flores-Nunes, F., Mattos, J.J., Zacchi,
F.L., Piazza, C.E., Siebert, M.N., Piazza, R.S., Gomes, C.H.A.M., C.M.R. Melo,
C.M.R., Bainy, A.C.D. 2017. Transcriptional and cellular effects of paracetamol in
the oyster Crassostrea gigas. Ecotoxicol Environ Saf 144: 258-267.
Belabed, B-E., Laffray, X., Dhib, A., Fertouna-Belakhal, M., Turki, S., Aleya, L. 2013.
Factors contributing to heavy metal accumulation in sediments and in the intertidal

mussel Perna perna in the Gulf of Annaba (Algeria). Mar Pollut Bull 74: 477-489.

Bellas, J., 2006. Comparative toxicity of alternative antifouling biocides on embryos and

larvae of marine invertebrates. Sci Total Environ 367, 573-585.

Blaise, C., Gagné, F., Burgeot, T. 2016. Three simple biomarkers useful in conducting
water quality assessments with bivalve mollusks. Environ Sci Pollut Res 24: 27662-

27669.

Boutet, I., Tanguy, A., Moraga, D. 2004. Response of the Pacific oyster Crassostrea gigas

to hydrocarbon contamination under experimental conditions. Gene 329: 147-157.

117



Burnmeister, C., Luersen, K., Heinick, A., Hussein, A., Domagalski, M., Walter, R.D.,
Liebau, E., 2008. Oxidative stress in Caenorhabditis elegans: protective effects of

the omega class glutathione transferase (GSTO-1). Faseb J 22: 343-354.

Butler, R.A., Kelley, M.L., Powell, W.H., Hahn, M.E., van Beneden, R.J. 2001. An aryl
hydrocarbon receptor (AHR) homologue from the soft-shell clam, Mya arenaria:
evidence that invertebrate AHR homologues lack 2,3,7,8-tetrachlorodibenzo-p-

dioxin and b-naphthoflavone binding. Gene 278: 223-234.

Butler, R.A., Kelley, M.L., Olberding, K.E., Gardner, G.R., van Beneden, R.J. 2004. Aryl
hydrocarbon receptor (AhR)-independent effects of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) on softshell clam (Mya arenaria) reproductive tissue. Comp

Biochem Physiol C 138: 375-381.

Cai, Y., Pan, L., Miao, J. 2016. Molecular evidence for the existence of an aryl
hydrocarbon receptor pathway in scallops Chlamys farreri. Comp Biochem Physiol

B 196-197: 74-84.

Canesi, L., Gallo, G., Gavioli, M., Pruzzo, C. 2002. Bacteria—hemocyte interactions and

phagocytosis in marine bivalves. Microsc Res Tech 57: 469-476.

Canesi, L., Betti, M., Ciacci, C., Lorusso, L.C., Pruzzo, C., Gallo, G. 2006. Cell signaling

in the immune response of mussel hemocytes. Invertebrate Surviv J 3: 40-49.

Carvalho, Y.B.M., Jethro, J., Poersch, L.H., Romano, L.A. 2015. India ink induces
apoptosis in the yellow clam Mesodesma mactroides (Deshayes, 1854). Optical and

ultrastructural study. Anais da Academia Brasileira de Ciéncias 87(4): 1981-1989.

Castro, I.B., Westphal, E., Fillmann, G. 2011. Tintas anti-incrustantes de terceira geragao:

novos biocidas no ambiente aquatico. Quim Nova 34: 1021-1031.

118



Caux, P-Y., Kent, R.A., Fan, G.T., Stephenson, G.L. 1996. Environmental fate and effects
of chlorothalonil: A Canadian perspective. Crit Rev Environ Sci Technol 26 (1): 45-

93.

Ciacci, C., Barmo, C., Fabbri, R., Canonico, B., Gallo, C., Canesi, L. 2011.
Immunomodulation in Mytilus galloprovincialis by non-toxic doses of hexavalent

chromium. Fish Shellfish Immunol 31: 1026-1033.

Cima, F., Bragadin, M., Ballarin, L. 2008. Toxic effects of new antifouling compounds
on tunicate haemocytes 1. Sea-Nine 211™ and chlorothalonil. Aquat Toxicol 86,

299-312.

Chandel, N.S., McClintock, D.S., Feliciano, C.E., Wood, T.M., Melendez, J.A.,
Rodriguez, A.M., Schumacker, P.T. 2000. Reactive oxygen species generated at

mitochondrial complex III stabilize hypoxia-inducible factor- 1a during hypoxia. J

Biol Chem 275, 25130-25138.

Cheng, T.C., Hemocytes: Forms and functions, in The eastern oyster Crassotrea
virginica, U.0.M.S. Maryland Sea Grant College, College Park, Editor. 1996:

Maryland.

Cheng, T.C. & Sullivan, J.T. 1984. Effects of heavy metals on phagocytosis by molluscan

hemocytes. Mar Environ Res 14: 305-315.

Coelho, M.R., Langston, W.J., Bebianno, M.J. 2006. Effect of TBT on Ruditapes

decussatus juveniles. Chemosphere 63: 1499-1505.

Costa, M.M., Prado-Alvarez, M., Gestal, C., Li, H., Roch, P., Novoa, B., Figueras, A.

2009. Functional and molecular immune response of Mediterranean mussel (Mytilus

119



galloprovincialis) haemocytes against pathogen-associated molecular patterns and

bacteria. Fish Shellfish Immunol 26: 515-523.

Cunha, S.C., Pena, A., Fernandes, J.O. 2017. Mussels as bioindicators of diclofenac

contamination in coastal environments. Environ Pollut 225: 354-360.

Dame, R. 1996. Ecology of marine bivalves: an ecosystem approach. CRC Press, 254p.

Danielli, N.M., Trevisan, R., Mello, D.F., Fischer, K., Deconto, V.S., Acosta, D.S.,
Bianchini, A., Bainy, A.C.D., Dafre, A.L. 2017a. Upregulating Nrf2-dependent
antioxidant defenses in Pacific oysters Crassostrea gigas: Investigating the

Nrf2/Keapl pathway in bivalves. Comp Biochem Physiol C 195: 16-26.

Danielli, N.M., Trevisan, R., Mello, D.F., Fischer, K., Deconto, V.S., Bianchini, A.,
Bainy, A.C.D., Dafre, A.L. 2017b. Contrasting effects of a classic Nrf2 activator,
tert-butylhydroquinone, on the glutathione-related antioxidant defenses in Pacific

oysters, Crassostrea gigas. Mar Environ Res 130: 1-8.

Davies, P.E. 1985. The toxicology and metabolism of chlorothalonil in fish. IIIL.
Metabolism, enzymatics and detoxification in Salmo spp. and Galaxias spp. Aquatic

Toxicol 7: 277-299.

Davies, P.E. & White, R W.G. 1985. The toxicology and metabolism of chlorothalonil
fish. I. Lethal levels for Salmo gairdneri, Galaxias maculatus, G. truttaceus and G.

auratus and the fate of 14C-TCIN in S. gairdneri. Aquatic Toxicol 7: 93-105.

Dinkova-Kostova, A., Holtzclaw, W.D., Kensler, T.W. 2005. The role of keap1 in cellular

protective responses. Chem Res Toxicol 18 (12): 1779-1791.

120



Domouhtsidou, G.F. & Dimitriadis, V.K. 2001. Lysosomal and lipid alterations in the
digestive gland of mussels, Mytilus galloprovincialis (L.) as biomarkers of

environmental stress. Environ Pollut 115: 123-137.

Duffel, M.W. 2010. Sulfotransferases, article. In: McQueen, C.A. (Ed.), Comprehensive

Toxicology. Elsevier, Oxford, pp. 367-384.

Dupré-Crochet, S., Erard, M., Niibe, O. 2013. ROS production in phagocytes: why, when,

and where? J Leukoc Biol 94 (4): 657-670.

Ehren, J.L. & Mabher, P. 2013. Concurrent regulation of the transcription factors Nrf2 and
ATF4 mediates the enhancement of glutathione levels by the flavonoid fisetin.

Biochem Pharmacol 85:1816—1826.

Ellis, R.P., Parry, H., Spicer, J.I., Hutchinson T.H., Pipe, R.K., Widdicombe, S. 2011.
Immunological function in marine invertebrates: Responses to environmental

perturbation. Fish Shellfish Immunol 30: 1209-1222.

Ernst, W., Doe, K., Jonah, R., Young, J., Julien, G., Hennigar, P. 1991. The toxicity of
chlorothalonil to aquatic fauna and the impact of its operational use on a pond

ecosystem. Arch Environ Contam Toxicol 21: 1-9.

Escobar, J.A., Rubio, M.A., Lissi, E.A. 1996. SOD and Catalase inactivation by singlet

oxygen and peroxyl radicals. Free Radic Biol Med 20 (3): 285 290.

Evans, S.M., Birchenough, A.C., Brancato, M.S. 2000. The TBT Ban: Out of the Frying

Pan into the Fire? Mar Pollut Bull 40 (3): 204-211.

Faggio, C., Tsarpali, V., Dailianis, S. 2018. Mussel digestive gland as a model tissue for

assessing xenobiotics: An overview. Sci Total Environ 636: 220-229.

121



Gallagher, E.P., Kedderis, G.L., Di Giulio, R.T. 1991. Glutathione S-transferase-
mediated chlorothalonil metabolism in liver and gill subcellular fractions of channel

catfish. Biochem Pharmacol 42 (1): 139-145.

Gallagher, E.P., Canada, A.T., Di Giulio, R.T. 1992. The protective role of glutathione

in chlorothalonil- induced toxicity to channel catfish. Aquatic Toxicol 23: 155-168.

Girardini, J., Amirante, A., Zemzoumi, K., Serra, E., 2002. Characterization of an omega-
class glutathione S-transferase from Schistosoma mansoni with glutaredoxin-like
dehydroascorbate reductase and thiol transferase activities. Eur J Biochem 269:

5512-5521.

Giuliani, M.E., Benedetti, M., Arukwe, A., Regoli, F. 2013. Transcriptional and catalytic
responses of antioxidant and biotransformation pathways in mussels, Mytilus

galloprovincialis, exposed to chemical mixtures. Aquat Toxicol 134-135: 120-127.

Goldberg, E.D. 1986. The Mussel Watch concept. Environ. Monit. Assess 7: 91-103.

Gu, Y-Z., Hogenesch, J.B., Bradfield, C.A. 2000. The PAS superfamily: sensors of

environmental and development signals. Annu Rev Pharmacol Toxicol 40: 519-561.

Guo, H., Bao, Z., Du, H., Zhang, L., Wang, S., Sun, L., Mou, X., Hu, X. 2013.
Identification of cytochrome P450 (CYP) genes in zhikong scallop (Chlamys

farreri). J Ocean Univ China 12 (1): 97-102.

Guo, X., He, Y., Zhang, L., Lelong, C., Jouaux, A. 2015. Immune and stress responses in
oysters with insights on adaptation. Fish Shellfish Immunol 46: 107-119.

Guyot, E., Chevallier, A., Barouki, R., Coumoul, X. 2013. The AhR twist: ligand-
dependent AhR signaling and pharmaco-toxicological implications. Drug Discov

Today 18 (9/10): 479-486.

122



Hahn, M.E. 2002. Aryl hydrocarbon receptors: diversity and evolution. Chem Biol

Interact 141: 131-160.

Hayes, J.D., Flanagan, J.U., Jowsey, LR. 2005. Glutathione transferases. Annu Rev

Pharmacol Toxicol 45: 51-88.

Hayton, W.L., Barron, M.G., 1990. Rate-limiting barriers to xenobiotic uptake by the gill.

Environ Toxicol Chem 9, 151-157.

Hellio, C., Yebra, D.M. 2009. Advances in marine antifouling coatings and technologies.

Cornwall, UK: CRC Press; p. 764.

Hermes-Lima, M. & Zenteno-Savin, T. 2002. Animal response to drastic changes in
oxygen availability and physiological oxidative stress. Comp Biochem Physiol C

Toxicol Pharmacol 133 (4): 537-556.

Higgins, L.G. & Hayes, J.D. 2011. Mechanisms of induction of cytosolic and microsomal
glutathione transferase (GST) genes by xenobiotics and pro-inflammatory agents.

Drug Metab Rev 43(2): 92—-137.

Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis — IBAMA.
Consolidagao de dados fornecidos pelas empresas registrantes de produtos técnicos,

agrotoxicos e afins, conforme art. 41 do Decreto n°® 4.074/2002. 2017.

Jakobsson, P-J., Mancini, J.A., Riendeau, D., Ford-Hutchinson, A-W. 1997.
Identification and characterization of a novel microsomal enzyme with glutathione-

dependent transferase and peroxidase activities. J Biol Chem 272 (36): 22934-22939.

Jones, D.P. 2008. Radical-free biology of oxidative stress. Am J Physiol Cell Physiol 295:

849-868.

123



Jozefczak, M., Remans, T., Vangronsveld, J., Cuypers, A. 2012. Glutathione is a key

player in metal-induced oxidative stress defenses. Int J Mol Sci 13, 3145-3175.

Kim, J-H., Raisuddin, S., Rhee, J-S., Lee, Y-M., Han, K-N., Lee, J-S. 2009. Molecular
cloning, phylogenetic analysis and expression of a MAPEG superfamily gene from

the pufferfish Takifugu obscurus. Comp Biochem Physiol C 149: 358-362.

Kim, B-M., Rhee, J-S., Hwang, U-K., Seo, J.S., Shin, K-H., Lee, J-S. 2015. Dose- and
time-dependent expression of aryl hydrocarbon receptor (AhR) and aryl hydrocarbon
receptor nuclear translocator (ARNT) in PCB-, B[a]P-, and TBT-exposed intertidal

copepod Tigriopus japonicus. Chemosphere 120: 398-406.

Kirischian, N.L. & Wilson, J.Y. 2012. Phylogenetic and functional analyses of the

cytochrome P450 family 4. Mol Phylogenet Evol 62: 458-471.

Key, P.B., Meyer, S.L., Chung, K.W. 2003. Lethal and sub-lethal effects of the fungicide
chlorothalonil on three life stages of the grass shrimp, Palaemonetes pugio. J.

Environ. Sci Health B 38 (5): 539-549.

Konishi, T., Kato, K., Araki, T., Shiraki, K., Takagi, M., Tamaru, Y., 2005. A new class
of glutathione S-transferase from the hepatopancreas of the red sea bream Pagrus

major. Biochem J 388: 299-307.

Konstantinou, I.K. & Albanis, T.A. 2004. Worldwide occurrence and effects of
antifouling paint booster biocides in the aquatic environment: a review. Environ Int

30: 235-248.

Kotrikla, A. 2009. Environmental management aspects for TBT antifouling wastes from

the shipyards. J Environ Manage 90: S77-S85

124



Koutsaftis, A. & Aoyama, I. 2007. Toxicity of four antifouling biocides and their mixtures

on the brine shrimp Artemia salina. Sci Total Environ 387: 166-174.

Larigot, L., Juricek, L., Dairou, J., Coumoul, X. 2018. AhR signaling pathways and

regulatory functions. Biochim Open 7: 1-9.

Lavradas, R.T., Rocha, R.C.C., Bordon, I.C.A.C., Saint-Pierre, T.D., Godoy, J.M.,
Hauser- Davis, R.A., 2016. Differential metallothionein, reduced glutathione and
metal levels in Perna perna mussels in two environmentally impacted tropical bays

in southeastern Brazil. Ecotoxicol Environ Saf 129: 75-84.

Lee, S.E., Won, H.S., Lee, Y.-W., Lee, D.S., 2010. Study on the new antifouling

compounds in Korean coasts. Bull Environ Contam Toxicol 85, 538—543.

Liu, N., Pan, L., Miao, J., Xu, C., Zhang, L. 2010. Molecular cloning and sequence
analysis and the response of an aryl hydrocarbon receptor homologue gene in the
clam Ruditapes philippinarum exposed to benzo(a)pyrene. Comp Biochem Physiol

C 152: 279-287.

Livingstone, D.R., 1985. Responses of the detoxication/ toxication enzyme systems of

molluscs to organic pollutants and xenobiotics. Mar Pollut Bull 16 (4): 158-164.

Livingstone, D.R., Kirchins, M.A., Wiseman, A. 1989. Cytochrome P-450 and oxidative

metabolism in molluscs. Xenobiotica 19 (10): 1041-1062.

Livingstone, D.R. 1998. The fate of organic xenobiotics in aquatic ecosystems:
quantitative and qualitative differences in biotransformation by invertebrates and

fish. Comp Biochem Physiol A 120: 43-19.

Livingstone, D.R. 2001. Contaminant-stimulated reactive oxygen species production and

oxidative damage in aquatic organisms. Mar Pollut Bull 42 (8): 656-666.

125



Loker, E. S., Adema, C.M., Zhang, S., Kepler, T.B. 2004. Invertebrate immune systems
—not homogeneous, not simple, not well understood. Immunol Rev 198: 10-24.

Long, J.W., Siegel, M.R., 1975. Mechanism of action and fate of the fungicide

chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile) in biological systems. Chem.

Biol. Interact. 10, 383-394.

Lopez-Mirabal, H.R. & Winther, J.R. 2008. Redox characteristics of the eukaryotic

cytosol. Biochim Biophys Acta 1783: 629-640.

Lushchak, V.I. 2011. Environmentally induced oxidative stress in aquatic animals.

Aquatic Toxicol 101: 13-30.

Ma, Q. & Whitlock, J.P. 1996. The aromatic hydrocarbon receptor modulates the Hepa
lclc7 cell cycle and differentiated state independently of dioxin. Mol Cell Biol 16:

2144e2150.

Martins, S.E., Fillmann, G., Lillicrap, A., Thomas, K.V. 2017. Review: ecotoxicity of
organic and organo-metallic antifouling co-biocides and implications for

environmental hazard and risk assessments in aquatic ecosystems. Biofouling 34:

34-52.

McMahon, T.A., Halstead, N.T., Johnson, S., Raffel, T.R., Romansic, J.M., Crumrine,
P.W., Boughton, R.K., Martin, L.B., Rohr, J.R. 2011. The fungicide chlorothalonil
is nonlinearly associated with corticosterone levels, immunity, and mortality in

amphibians. Environ Health Perspect 119 (8): 1098-1103.

Miao, W., Hu, L., Scrivens, P.J., Batist, G. 2005. Transcriptional regulation of NF-E2
p45-related Factor (NRF2) expression by the aryl hydrocarbon receptor-xenobiotic

response element signaling pathway. J Biol Chem 280 (21): 20340-20348.

126



National Aquaculture Sector Overview. Brazil. National Aquaculture Sector Overview
Fact Sheets. Text by Suplicy, F.M.In: FAO Fisheries and Aquaculture

Department [online]. Rome. Updated 1 June 2004. [Cited 6 April 2019].

Nebert, D.W., Roe, A.L., Dieter, M.Z., Solis, W.A., Yang, Y., Dalton, T.P. 2000. Role of
the aromatic hydrocarbon receptor and [44] gene battery in the oxidative stress

response, cell cycle control, and apoptosis. Biochem Pharmacol 59: 65-85.

Nebert, D.W. & Russel, D.W. 2002. Clinical importance of the cytochromes P450. Lancet

360 (12): 1155-1162.

Nebert, D.W., & Dalton, T.P. 2006. The role of cytochrome P450 enzymes in endogenous

signaling pathways and environmental carcinogenesis. Nat Rev Cancer 6: 947-960.

Nogueira, L., Garcia, D., Trevisan, R., Sanches, A.L.M., Acosta, D.S., Dafre, A.L.,
Oliveira, T.Y.K., Almeida, E.A. 2015. Biochemical responses in mussels Perna

perna exposed to diesel BS. Chemosphere 134, 210-216.

Oakley, A.J. 2005. Glutathione transferases: new functions. Curr Opin Struct Biol 15:

716-723.

Ochlmann, J. & Schulte-Ochlmann, U. 2003. Molluscs as bioindicators, article. In:
Market, B.A., Breure, A.M., Zechmeister, H.G. (Eds.), Bioindicators and Biomo-

nitors. Elsevier Science Ltd., Amsterdam, pp. 577-634.

Ofoegbu, P.U., Simao, F.C.P., Cruz, A., Mendo, S., Soares, A.M.V.M, Pestana, J.L.T.
2016. Toxicity of tributyltin (TBT) to the freshwater planarian Schmidtea

mediterranea. Chemosphere 148: 61-69.

Omae, 1. 2003. Organotin antifouling paints and their alternatives. Appl Organometal

Chem 17, 81-105.

127



Osburn, W.O. & Kensler, T.W. 2008. Nrf2 signaling: An adaptive response pathway for

protection against environmental toxic insults. Mutat Res 659: 31-39.

Ottaviani, E. 2004. The mollusc as a suitable model for mammalian immune-
neuroendocrine investigations. Invertebrate Surviv J 1: 2-4.
Pariseau, J., Saint-Louis, R., Delaporte, M., El Khair, M.A., McKenna, P., Tremblay, R.,
Davidson, J., Pelletier, E., Berthe, F.C.J. 2009. Potential link between exposure to
fungicides chlorothalonil and mancozeb and haemic neoplasia development in the

soft-shell clam Mya arenaria: A laboratory experiment. Mar Pollut Bull 58: 503-514.

Parkinson, A. 2001. Biotransformation of xenobiotics, article. In: Klaassen, C.D. &

Watkins III, J.B. (Eds), Casarett & Doull's Essentials of Toxicology, 2e. pp. 133-224.

Parry, H.E. & Pipe, R.K. 2004. Interactive effects of temperature and copper on
immunocompetence and disease susceptibility in mussels (Mytilus edulis). Aquatic

Toxicol 69: 311-325.

Pessatti, T.B., Liichmann, K.H., Flores-Nunes, F., Mattos, J.J., Sasaki, S.T., Taniguchi,
S., Bicego, M.C., Bainy, A.C.D. 2016. Upregulation of biotransformation genes in
gills of oyster Crassostrea brasiliana exposed in situ to urban effluents, Floriandpolis

Bay, Southern Brazil. Ecotoxicol Environ Saf 131: 172-180.

Piazza, R.S., Trevisan, R., Flores-Nunes, F., Toledo-Silva, G., Wendt, N., Mattos, J.J.,
Lima, D., Taniguchi, S., Sasaki, S.T., Mello, A.C.P., Zacchi, F.L., Serrano, M.A.S.,
Gomes, C.H.A.M., Bicego, M.C., Almeida, E.A., Bainy, A.C.D. 2016. Exposure to
phenanthrene and depuration: Changes on gene transcription, enzymatic activity and
lipid peroxidation in gill of scallops Nodipecten nodosus. Aquatic Toxicol 177: 146-

155.

128



Pipe, R.K., Coles, J.A., Carissan, F.M.M., Ramanathan, K. 1999. Copper induced
immunomodulation in the marine mussel, Mytilus edulis. Aquatic Toxicol 46: 43—

54.

Pompella, A., Visvikis A., Paolicchi, A., De Tata, V., Casini, A.F. 2003. The changing

faces of glutathione, a cellular protagonist. Biochem Pharmacol 66: 1499-1503.

Prohaska, J.R. 1980. The glutathione peroxidase activity of glutathione S-transferases.

Biochim Biophys Acta 611: §7-98.

Ray, M., Bhunia, A.S., Bhunia, N.S., Ray, S. 2013. Density shift, morphological damage,
lysosomal fragility and apoptosis of hemocytes of Indian molluscs exposed to

pyrethroid pesticides. Fish Shellfish Immunol 35: 499-512.

Reitzel, A.M., Passamaneck, Y.J., Karchner, S.I., Franks, D.G., Martindale, M.Q.,
Tarrant, A.M., Hahn, M.E. 2014. Aryl hydrocarbon receptor (AHR) in the cnidarian
Nematostella vectensis: comparative expression, protein interactions, and ligand

binding. Dev Genes Evol 224: 13-24.

Regoli, F., Giuliani, M.E., Benedetti, M., Arukwe, A. 2011. Molecular and biochemical
biomarkers in environmental monitoring: A comparison of biotransformation and

antioxidant defense systems in multiple tissues. Aquat Toxicol 105S: 56— 66.

Regoli, F. & Giuliani, M.E. 2014. Oxidative pathways of chemical toxicity and oxidative

stress biomarkers in marine organisms. Mar Environ Res 93: 106-117.

Rios, E.C., Seashells of Brazil. Rio Grande. Editora FURG, 2 edi¢ado, 492 p, 1994.

Rosner, E., Klos, C., Dekant, W. 1996. Biotransformation of the fungicide chlorothalonil

by glutathione conjugation. Fundam Appl Toxicol 33: 229-234.

129



Rushmore, T.H., Morton, M.R., Pickett, C.B. 1991. The antioxidant responsive element.
Activation by oxidative stress and identification of the DNA consensus sequence

required for functional activity. J Biol Chem 266 (18): 11632-11639.

Sakkas, V.A., Konstantinou, [.K., Lambropoulou, D.A., Albanis, T.A., 2002a. Survey for
the occurrence of antifouling paint booster biocides in the aquatic environment of

Greece. Environ Sci Pollut Res 9: 327-332.

Sakkas, V.A., Lambropoulou, D.A., Albanis, T.A., 2002b. Study of chlorothalonil
photodegradation in natural waters and in the presence of humic substances.

Chemosphere 48, 939-945.

Saleuddin A.S.M. & Wilbur, K.M. The Mollusca: Physiology, Part 2. Londres. Ac Press,

1983. 500 p.

Silva Santos, J.J., Carvalho, Y.B., Lopes D.L.A., Romano, L.A. 2016. Immunological
profile of the yellow clam Mesodesma mactroides (Mesodesmatidae) from the

Southern Coast of Rio Grande do Sul, Brazil. J] Aquat Anim Health 28:11-20.

Segal, A.W. 1995. The NADPH oxidase of phagocytic cells is an electron pump that
alkalinises the phagocytic vacuole. Protoplasma 184: 86-103.
Siddall, S.E. 1980. A clarification of the genus Perna (Mytilidae). Bull Mar Sci 30 (4):

858-870.

Siems, W.G., Capuozzo, E.,Verginelli, D., Salerno, C., Crifo, C., Grune,T. 1997.
Inhibition of NADPH oxidase-mediated superoxide radical formation in PMA-
stimulated human neutrophils by 4-hydroxynonenal-binding to -SH and -NH2

groups. Free Rad Res 27: 353-358.

130



Schmitt, P., Duperthuy, M., Montagnani, C., Bachére, E., Destoumieux-Garzon, D. 2011.
Immune responses in the Pacific oyster Crassostrea gigas: an overview with focus
on summer mortalities in: Oyster physiology, ecological-distribution and mortality.

Nova Science Publishers, Inc. pp 1-47.

Solé, M. & Livingstone, D.R. 2005. Components of the cytochrome P450-dependent
monooxygenase system and ‘NADPH-independent benzo[a]pyrene hydroxylase’
activity in a wide range of marine invertebrate species. Comp Biochem Physiol C

141: 20-31.

Song, L., Wang, L., Qiu, L., Zhang, H. Bivalve immunity In: Invertebrate immunity. Ed.

Kenneth Séderhill. v. 708, pp 311. 2010.

Song, L., Wang, L., Zhang, H., Wang, M. 2015. The immune system and its modulation
mechanism in scallop. Fish Shellfish Immunol, 46: 65-78.

Song, Y., Chen, M., Zhou, J., 2017. Effects of three pesticides on superoxide dismutase

and glutathione-S-transferase activities and reproduction of Daphnia magna. Arch.

Environ Prot 43 (1): 80-86.

Tian, Y., Ke, S., Denison, M.S., Rabson, A.B., Gallo, M.A. 1998. Ah Receptor and NF-
kB interactions, a potential mechanism for dioxin toxicity. J Biol Chem 274 (1): 510-

515.

Tian, S., Pan, L., Sun, X. 2013. An investigation of endocrine disrupting effects and toxic
mechanisms modulated by benzo[a]pyrene in female scallop Chlamys farreri.

Aquatic Toxicol 144-145: 162-171.

Tian, S., Pan, L., Zhang, H. 2014. Identification of a CYP3A-like gene and CYPs mRNA
expression modulation following exposure to benzo[a]pyrene in the bivalve mollusk

Chlamys farreri. Mar Environ Res 94: 7-15.

131



Tillman, R.W., Siegel, M.R., Long, J.W., 1973. Mechanism of action and fate of the
fungicide chlorothalonil (2, 4, 5, 6-tetrachloroisophthalonitrile) in biological
systems. 1. Reactions with cells and subcellular components of Saccharomyces

pastorianus. Pestic Biochem Physiol 3, 160—167.

Thomas, K.V., Fileman, T.W., Readman, J.W., Waldock, M.J. 2001. Antifouling paint
booster biocides in the UK coastal environment and potential risks of biological

effects. Mar Pollut Bull 42 (8): 677-688.

Tong, K.I., Katoh, Y., Kusunoki, H., Itoh, K., Tanaka, T., Yamamoto, M. 2006. Keap1
recruits Neh2 through binding to ETGE and DLG motifs: Characterization of the

two-site molecular recognition model. Mol Cell Biol 26: 2887-2900.

Trevisan, R., Flesch, S., Mattos, J.J., Milani, M.R., Bainy, A.C.D., Dafre, A.L.2014. Zinc
causes acute impairment of glutathione metabolism followed by coordinated
antioxidant defenses amplification in gills of brown mussels Perna perna. Comp

Biochem Physiol C Toxicol Pharmacol 159: 22-30.

Trevisan, R., Mello, D.F., Delapedra, G., Silva, D.G.H., Arl, M., Danielli, N.M., Metian,
M., Almeida, E.A., Dafre, A.L. 2016. Gills as a glutathione-dependent metabolic
barrier in Pacific oysters Crassostrea gigas: Absorption, metabolism and excretion

of a model electrophile. Aquat Toxicol 173: 105-119.

USEPA, 1999. Environmental Protection Agency. Chlorothalonil Reregistration
Eligibility Decision (RED). United States Environmental Protection Agency pp. 1—

315.

van der Oost, R., Beyer, J., Vermeulen, N.P.E. 2003. Fish bioaccumulation and
biomarkers in environmental risk assessment: a review. Environ Toxicol Pharmacol

13: 57-149.

132



Vasiliou, V., Puga, A., Chang, C-Y, Tabor, M.W. Nebert, D.W. 1995. Interaction
between the Ah Receptor and proteins binding to the AP-1-like electrophile response
element (EpRE) during murine phase II [Ah] battery gene expression. Biochem

Pharmacol 50 (12): 2057-2068.

Viarengo, A. & Canesi, L. 1991. Mussels as biological indicators of pollution.

Aquaculture 94: 225-243.

Viarengo, A., Canesi, L., Pertica, M., Mancinelli, G., Accomando, R., Smaal, A.C.,
Orunesu, M. 1995. Stress on Stress response: A simple monitoring tool in the

assessment of a general stress syndrome in mussels. Mar Environ Res 39: 245-248.

Voulvoulis, N., Scrimshaw, M.D., Lester, J.N., 2000. Occurrence of four biocides utilized
in antifouling, as alternatives to organotin compounds, in waters and sediments of a

commercial estuary in the UK. Mar Environ Res 40 (11): 938-946.

Voulvoulis, N., Scrimshaw, M.D., Lester, J.N., 2002. Partitioning of selected antifouling

biocides in the aquatic environment. Mar Environ Res 53: 1-16.

Walker, W.W., Cripe, C.R., Pritchard, P.H., Bourquin, A.W. 1988. Biological and abiotic
degradation of xenobiotic compounds in in vitro estuarine water and sediment/water

systems. Chemosphere 17 (12): 2255-2270.

Wan, Q., Wang, 1., Lee, J-S., Lee, J. 2009. Novel omega glutathione S-transferases in
disk abalone: Characterization and protective roles against environmental stress

Comp Biochem Physiol C 150: 558—568.

Wang, J., Jiang, Y., Chen, S., Xia, X., Shi, K., Zhou, Y., Yu, Y., Yu, J. 2010. The
different responses of glutathione-dependent detoxification pathway to fungicide

chlorothalonil and carbendazim in tomato leaves. Chemosphere 79: 958-965.

133



Welker, A.F., Moreira, D.C., Campos, E.G., Hermes-Lima, M., 2013. Role of redox
metabolism for adaptation of aquatic animals to drastic changes in oxygen

availability. Comp Biochem Physiol A 165 (4): 384-404.

Woods Hole Oceanographic Institution, United States. Navy Dept. Bureau of Ships,

"Marine fouling and its prevention, prepared for Bureau of Ships, Navy Dept.", 1952.

Wootton, A.N., Herring, C., Spry, J.A., Wiseman, A., Livingstone, D.R., Goldfarb, P.S.,
1995. Evidence for the existence of cytochrome P450 genes families (CYP1A, 3A,
4A, 11A) and modulation of gene expression (CYP1A) in the mussel Mytilus spp.

Mar Environ Res 39, 21-26.

Yebra, D.M., Kiil, S., Dam-Johansen, K., 2004. Antifouling technology - past, present
and future steps towards efficient and environmentally friendly antifouling coatings.

Prog. Org. Coat. 50, 75-104.

Zanette, J., Goldstone, J.V., Bainy, A.C.D., Stegeman, J.J. 2010. Identification of CYP
genes in Mytilus (mussel) and Crassostrea (oyster) species: First approach to the full

complement of cytochrome P450 genes in bivalves. Mar Environ Res 69: S1-S3.

Zanette, J., Jenny, M.J., Goldstone, J.V., Parente, T., Woodin, B.R., Bainy, A.C.D.,
Stegeman, J.J. 2013. Identification and expression of multiple CYP1-like and CYP3-
like genes in the bivalve mollusk Mytilus edulis. Aquatic Toxicol 128— 129: 101-

112.

Zhao, H., Li, W., Zhao, X, Li, X., Yang, D., Ren, H., Zhou, Y. 2017. Cu/Zn superoxide
dismutase (SOD) and catalase (CAT) response to crude oil exposure in the

polychaete Perinereis aibuhitensis. Environ Sci Pollut Res 24: 616627

134



