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RESUMO

A contaminacdo dos ambientes costeiros apreserdanse uma
realidade na extensa costa brasileira. Dejetoshpredutos das
mais variadas atividades antrOpicas, como 0s prentss da
atuacdo da induastria do petréleo e da ineficiémaacoleta e
tratamento do esgoto doméstico, provocam danosd@siaos
organismos expostos. Essesmpostos quimicos podem causar
alteracdes biolégicas de carater molecular, celfiiolégico ou
ecolégico, resultando em efeitos negativos ndo apgrara as
comunidades naturais, como para 0S organismosnddes ao
consumo humano. Desta forma, a identificacdo desdsamcdes
pode ser usada como biomarcador de contaminacaiicauO
presente estudo contribui fornecendo informacdesa pa
estabelecimento de ferramentas sensiveis e vigaess estudos
ecotoxicolégicos, através da avaliacdo de repostis
biomarcadores bioquimicos classicos e da identicade novos
genes potenciais candidatos a biomarcadores. &arastras do
mangue, Crassostrea brasilianaforam expostas a diferentes
contaminantes ambientais. S8o apresentados odarkmsilde
biomarcadores bioquimicos em branquia e glandyastiva de
ostras expostas por 96 horas a quatro concentrdedgacao de
Oleo diesel acomodada em agua (FAA). As resposiagiazimas
antioxidantes e de fase Il do sistema de biotramsfodo de
xenobidticos, em conjunto com aspectos quimicasodstraram
que a ostra é capaz de bioacumular hidrocarbomdifaticos e
aromaticos, além de responder a essa bioacumutiEdorma
concentracdo-dependente. Esses dados indicam unel pap
promissor dessa espécie como bioindicadora em gr@y de
biomonitoramento ambiental. Entretanto, como muyituco é
conhecido sobre a biologia molecularGlebrasiliang bibliotecas
subtrativas de cDNA foram construidas. Esta metgial
possibilitou a identificacdo de 23 novos genes anesspécie,
comparando ostras expostas a FAA de 6leo diesédhboras e o
grupo controle. Destes genes, trgwolease especifica de
ubiquitina 25 — USP25precursor de domininanucleosideo
difosfato quinase B — NDPK}Bforam validados por PCR



guantitativo em tempo real (QPCR), representandoegede
interesse para estudos ecotoxicologicosCrbrasiliana Ainda,
com o intuito de aumentar as informacdes génicasCde
brasiliana a técnica de pirosequenciamento utilizando a
plataforma 454 foi aplicada em ostras expostas A BA 6leo
diesel, ao fenantreno e ao esgoto domeéstico. Air pdesta
abordagem metodolégica de sequenciamento em gesmodda, a
montagemde novodas leituras geradas produziu o primeiro
transcriptoma referéncia d& brasiliana Como resultado, 7.401
novos genes foram identificados, destacando-se @sesg
codificadores de proteinas possivelmente envolvidasistema
de biotransformacédo de xenobidticos e no sistemadafesa
antioxidante. Por fim, com o intuito de avaliar @idade dos
dados gerados pelo banco de ESTs, o nivel de tigésae seis
genesCYP-likee quatroGST-like previamente identificados no
transcriptoma referéncia, foram testados por gPGRecendo
subsidios para o entendimento dos mecanismos nfexesude
toxicidade exercidos pelo fenantreno, um hidrocasbm
policiclico aromatico (HPA) prioritario. Para tadstras foram
expostas a duas concentraces de fenantrenou(l0® e 1000
ng.L™) por 24 horas. Os resultados obtidos indicam aelpdp
CYPs e GSTs no metabolismo de HPAs, uma vez que o
tratamento induziu um aumento no nivel dos tratoscriA maior
resposta da branquia, se comparada a glandulatideggesugere
papéis diferenciados no metabolismo de xenobiotidestes
tecidos, no qual o papel da branquia é destacadodddos
apresentados nessa tese demonstram a aplicabilitadso de
biomarcadores bioquimicos e moleculares em estudos
ecotoxicolégicos utilizando a ostraC. brasiliana como
bioindicador de contaminacdo aquatica. Em ultinstéincia, os
resultados constituem importantes fontes de infoémapara o
biomonitoramento de &guas contaminadas por depvad®
petroleo e esgoto doméstico ao longo da costadirasi

Palavras-chave: Crassostrea brasiliana biomarcadores,
biotransformacdo de xenobidticos, defesa antiox@an
transcriptoma, Oleo diesel, fenantreno, esgoto dtowe



ABSTRACT

Contaminationof the coastal marinenvironments has increased
significantly along the Brazilian coast. Aquaticganisms are
therefore continually exposed to by-produderived from a
variety of human activities, such as petroleum stiduand urban
waste. Chemical contamination is considered to be of the
main causes of aquatic degradation, affecting miffelevels of
biological organization including the subcellulafhus, the
biological responses, termed biomarkers, are useaissess the
effectsof chemical challenge on exposed organisms. Theepte
study sheds light on biological information in arde improve
the scientific basis for ecotoxicological studiEsr that purpose,
we measured the responses of ‘classic’ biochentimaharkers
and identified candidate genes for novel biomardkecovery in
the mangrove oyster,Crassostrea brasiliana exposed to
environmental contaminants. The results are predemt four
separate findings chaptets Chapter 2, we show the biochemical
responses and hydrocarbons bioaccumulation of thsteio
exposed for 96 h to four sublethal concentrationsliesel fuel
water accommodated fraction (WAF). The results bk t
antioxidant defenses, phase Il biotransformatiod elmaperones
parameters revealed clear biochemical responsesWhF
challenge in the gill and digestive gland of oystdfurthermore,
the capacity ofC. brasiliana to bioaccumulate aliphatic and
aromatic hydrocarbons in a concentration-dependemtner is a
strong indication of its suitability as a model bromonitoring
programs along the Brazilian coast. However, thenoges
resources for this species are limited. Thus, Graptshows the
results and discussion on up- and down-regulatioidentified
genes in cDNA subtractive suppressive hybridizatitanaries
from oysters exposed for 24 h to WAF. 23 novel genere
identified and three were validated by quantitateal-time PCR
(QPCR), representing potential new  biomarkers for
ecotoxicological studies using. brasiliana as bioindicator.
Aiming to increase the genomic resources Qorbrasiliana we
pyrosequenced expressed genetic transcripts freamgih and



digestive gland of oysters exposed to 10% WAF, ph#wene
and domestic sewage, which are reported in Chafterhis
methodological approach followed bye novoassembly has
provided extensive genomic information to genertite first
reference transcriptome fdC. brasiliana We identified 7,401
new genes, many of which related to the xenobiotics
biotransformation system and the major antioxiddefence
proteins. Finally, in Chapter 5 we evaluated thefulsess of the
output derived from Chapter 4. We selected somatipetCY P-
and GSTrelated genes to evaluate the molecular mechani$ms
phenanthrene toxicity if€. brasilianaby means of gPCR. We
report, for the first time, a tissue-specific resgormof CYP-like
and GST-like genes, and enzymatic and non-enzymatic
antioxidant parameters i@. brasilianaexposed for 24 h to 100
ng.L*t and 1000ug.L™* phenanthrene, a model PAH. The results
indicated that 1000ug.L™ phenanthrene can lead to the
upregulation of both phase | and Il genes and deplef non-
antioxidant parameters, with more pronounced effecthe gill.
The biological responses (. brasilianasupport the use of this
organism to investigate the molecular mechanismeryidg
PAH toxicity in bivalves. Altogether the resultsepented in this
thesis provides insight into the applicability ofifferent
biochemical and molecular endpoints in oyster for
ecotoxicological studies, thereby contributing he definition of

a better methodology for using the mangrove oyStdrrasiliana

as a bioindicator organism to assess the potdnta effects of
petroleum by-products and domestic sewage alond@theilian
coast.

Keywords: Crassostrea brasiliana biomarkers, xenobiotics
biotransformation, antioxidant defence, transcnpeo
pyrosequencing, diesel fuel, phenanthrene, domsstiage.
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SOD: superoxido dismutase
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UniProt: banco de dados de proteinas; do indiégersal Protein Resource
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Capitulo 1
Introducéo geral

Ecotoxicologia aquética: por que e para qué?

Desde o advento da Revolucdo Industrial, as sabéesda
vivenciam processos de mudancas cujo ritmo naongrecprecedentes
na histéria. A infindavel gama de possibilidadespprcionada por essa
nova realidade traz também efeitos negativos, sde&iastadores, aos
ambientes naturais. Para alguns, este novo peéatiimhecido como
Antropoceno (ROCKSTROM et al., 2009quando atividades humanas
passaram a ter um impacto significativo na Tema &incionamento de
seus ecossistemas, culminando com o aparecimentormdénédito
movimento ambiental global. Um registro importapta o avancgo
dessa nova consciéncia foi a publicacéo do livrani&vera Silenciosa”,
de Rachel Carson, em 1962, despertando interesse gsa efeitos
téxicos de compostos quimicos em popula¢des nafuyae passaram a
ser frequentemente identificados em diferentesepado mundo
(COLBORN; DUMANOSKI; MYERS, 1996). Na medida em gae
evidéncias da toxicidade de compostos quimicosrabiestes naturais
iam se tornando inquestionaveis, o processo de econknto foi
avancando e se especializando. Assim, ocorreu arasgm da
toxicologia classica em um novo ramo, a ecotoxgialdWALKER et
al., 1996). Com termo cunhado por René Truhaut1®869, e fazendo
uma alusdo as palavras “ecologia” e “toxicologia”ecotoxicologia
pode ser definida como o ramo da toxicologia chjetd/o é entender e
prever os efeitos causados por compostos quimicogcemunidades
naturais sob presséo antropica (CHAPMAN, 2002).

De acordo com uma estimativa recente sobre o nurdero
substancias quimicas existentes hoje no mundoftBiG®stamagna e
Marcello (2008) chegaram a alarmante cifra de d8das de quimicos
diferentes, sendo que 4.000 novos sado produzidios tos dias. Embora
nem todas as substancias tenham como destino dsmambientes
naturais, muito pouco é conhecido sobre seus sfédgicoldgicos,
sendo este um enorme desafio as agéncias ambiemtda®io o mundo
(JUDSON et al., 2009). De fato, Binetti, Costamagrdarcello (2008)
estimaram que apenas 10% dos quimicos atualmenkteados foram
avaliados - quanto a sua toxicidade - por 6rgdagpetentes na Europa
e Estados Unidos, indicando uma lacuna de informagé urge por
respostas. Nesse contexto, 0s ecossistemas aguajictesentam-se

! As referéncias bibliogréficas utilizadas nestdtalipest&io listadas no final da tese.
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como 0s mais vulneraveis, pois sdo consideradoscegtores finais de
substancias quimicas provenientes das mais variaftages
(WINSTON; DI GIULIO, 1991).

Considerando essa notoria suscetibilidade dos istaErsgs
aquaticos, uma énfase crescente vem sendo dadsa@wovdlvimento de
métodos para avaliar e compreender os efeitos dasiggor diferentes
tipos de quimicos sobre organismos aquaticos. Egsémento teve
inicio na década de 30, quando alguns pesquisadeaézaram uma
série de observacbes empiricas para avaliar ososfébxicos de
substancias quimicas em peixes (MACEK, 1980). Smjulamentacao,
as experimentagbes ndo apresentagtatusde ciéncia e foram, por
muitos anos, negligenciadas e até vistas com agtErenca nos
corredores académicos da época. Apenas recentemarmtécada de 70,
uma nova area da emergente ecotoxicologia foi gtapdando origem
a ecotoxicologia aquaticdMACEK, 1980). Segundo Zagatto e
Bertoletti (2006), este ramo foi criado com o itdude identificar e
compreender os mecanismos de toxicidade dos coagpgsfmicos no
meio aquatico, bem como diagnosticar a qualidadeieatal, e, ainda,
prever impactos nesses ambientes. Neste cenamo,combina alta
exposicado de ecossistemas vulneraveis a atividagesnas com um
acelerado crescimento populacional - evidenciada pgtraordinaria
marca de sete bilhdes de habitantes recentemeniggidat
(TOLLEFSON, 2011), a ecotoxicologia aquatica camdza-se como
uma area com desafios extremos e de elevada impiartjpara a
sociedade moderna.

Contaminacdo aquatica e monitoramento ambiental
E evidente a dependéncia do homem por bens e @ervic

ambientais (HALPERN et al., 2008). Estima-se, pogngplo, que o
valor monetério global dos servicos ambientaisapisse os 33 trilhBes
de dolares por ano, dos quais 21 relacionam-sevEE@® provenientes
de ecossistemas marinhos, o que é consideravelmmeite que os 18
triinbes de dolares gerados anualmente na econamigdial
(estimativas para o0 ano de 1997; CONSTANZA et H5097). No
entanto, ao explorar servicos ambientais, inevitagete deixa-se um
rastro de interferéncias antropicas nos ambienédsrais (DONEY,
2010). De fato, Halpern et al. (2008) mapearam foda regifes
costeiras e oceénicas do globo e, através de #&cdie modelagem
utilizando diversos descritores ambientais e irdbcas de impacto,
identificaram que atualmente ndo ha area livrenfleéncia humana
(Figura 1). Segundo os mesmos autores, aproximadandd% dos



31

ecossistemas aquaticos sofrem com impactos de médtia magnitude,
0s quais se localizam, principalmente, em regi@samente ocupadas
e industrializadas.

De acordo com a Figura 1 (fonte: HALPERN et al.080
atualmente toda a costa brasileira pode ser dtzsif como média ou
altamente impactada, e algumas regifes, como asteudgresentam
niveis alarmantes de influéncia humana. Por estdrice a costa
brasileira merece especial atencdo, tendo emaistaatuais tendéncias
de crescimento econbmico associadas a expectateaintbnsa
exploracao de novas areas petroliferas expdemscapaha situacao de
potencial risco ambiental. Adicionalmente, ainda gqu crescimento
observado nos dltimos anos seja inquestionavetasilBontinua sendo
um pais em desenvolvimento, cujas necessidadesice&Ese como
saneamento basico, por exemplo, estdo muito agaédemhanda hoje
existente (BAER, 2008). Diante dessa combinacdovel®res de
impacto, que vao da crescente exploragdo do petrdl@larmante
caréncia de infra-estrutura basica, medidas prexaansdo capitais para
avaliar, monitorar, € em muitos casos evitar atidab impactantes
sobre nossos ecossistemas, especialmente os@ssteir

Tl

-

[T Very Low Impact (<1.4) [] Medium Impact (4.95-8.47) [T High Impact (12-15.52)
I Low Impact (1.4-4.95) [Z] Medium High Impact (8.47-12) M Very High Impact (>15.52)

Figura 1. Mapa global do impacto antrépico em 20 tipos dessistemas
costeiros e oceanicos. Em destaque as regidemfarte impactadas no Caribe,
no Mar do Norte, e em aguas japonesas, e uma dassnimpactadas (no
quadrado a direita) na Australi@s nimeros referem-se escala de impacto
acumulado definida pelos autores, variando do menpactado (azul) ao mais
impactado (vermelho). (Fonte: HALPERN et al., 20@8¢ucdo nossa).
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Dentre os impactos antropogénicos nas regides iesstea
contaminacao aquatica caracteriza-se como uma dasscomplexas e,
portanto, mais desafiadoras de se avaliar. Dejetssibprodutos das
mais variadas atividades, como os provenientesudg@o da industria
do petroleo e da ineficiéncia na coleta e tratamdatesgoto doméstico,
compreendem misturas complexas, que quando naoldsae lancados
diretamente no ambiente, podem exercer danos weari@as organismos
expostos. Essexompostos quimicos, tecnicamente chamados de
xenobidticos, podem causar alteragdes bioldgicasieel molecular,
celular ou fisiolégico, resultando em um efeito atég ndo apenas nas
comunidades animais e vegetais naturais, como rganisMos
cultivados e destinados para o consumo humano (MO&RI., 2004).

Os impactos da industria petrolifera decorrem tdetexposicao
aguda quanto cronica aos seus efluentes. Acidamdxentais, como
derrames de petroleo e seus derivados, constitugrim@pal fonte de
contaminacao aguda e estéo relacionados a impaetomta aquatica e
nos ecossistemas como um todo (KENNISH, 1992). &galamundial,
destacam-se alguns acidentes: a colisdo entre tosleres Atlantic
Empresse Aegean Captairem julho de 1979, derramando 287.000 m
de 6leo na costa de Trinidad e Tobago; o derramiands cerca de
260.000 m de petréleo na costa da Angola em maio de 1991; o
rompimento do tanquePrestige na costa da Espanha em 2002
derramando mais de 60.000° rde 6leo combustivel; e o acidente
envolvendo o petroleir&xxon Valdezquando em 1989 derramou sua
carga de aproximadamente 37.000 de petréleo na costa do Alasca
(ITOPF, 2010). Entretanto, o caso mais dramaticorécente acidente
no Golfo do México, Estados Unidos. Neste eventaa plataforma da
British Petroleunlocalizada na costa americana explodiu, resultaedo
derrame de cerca de 780.008 de petréleo entre os meses de abril e
julho de 2010. Para alguns, este é considerado ior ntkesastre
ambiental envolvendo a atuacéo da industria d@leetrtendo em vista
a localizagdo do acidente e a ampla dispersao attufar (ANTONIO;
MENDES; THOMAZ, 2011; BARRON, 2011). No Brasil, desam-se:

o derrame de aproximadamente 1.3G0de 6leo combustivel maritimo
na Baia da Guanabara, Rio de Janeiro, em janeig@@& (MENICOM
et al., 2002); o derramamento de cerca de 7.20ferpetréleo no Canal
de Sao Sebastido, Sdo Paulo, em marco de 200@ameato de 4.000
m3 de petroleo devido ao rompimento de um oleodl#oRefinaria
Presidente Vargas (REPAR), localizada no Paranjukm do mesmo
ano; e em novembro de 2004, o navio-tandfieufia de bandeira
chilena, que sofreu uma explosdo no porto de PgudngParand)
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resultando no derrame de mais de 6.500 m?3 de tieodiferentes tipos
de Oleo e metanol. Segundo Filho (2006), impactegerss nos
ecossistemas adjacentes foram registrados em asdogntos.

Embora acidentes envolvendo a atuacao da indaktrjzetréleo
tenham grande destaque na midia, a contaminacicaorresponde a
maior parcela de petréleo introduzida nos ecossasecosteiros. De
acordo com Gabardo (2007) e Tiburtius et al. (2065 porte crdnico
de petroleo e seus derivados pode ocorrer atrawégsdoamento
urbano, de efluentes industriais e domésticos, deegacdo, do
transporte e da producdo em aredfshore além de pequenos e
continuos vazamentos de combustiveis em pontostibgicdo. Como
a maior parte do consumo de petrdleo ocorre em,tesrrios, sistemas
de drenagem de aguas pluviais e de esgotamentargamiarreiam a
maior parcela de 6leo que chega aos ecossistersésres (FILHO,
2006; LATIMER; ZHENG, 2003). Porém, vale ressaltare muitos
destes compostos também ocorrem naturalmente i&o regsteira e
oceanos por exsudacao natural de petroleo (BURGBSIRENS;
HICKEY, 2003).

Dentre os derivados do petréleo, o 6leo dieselsapta-se como
um potencial contaminante de ecossistemas aqu@iitasua utilizacdo
como combustivel maritimo de pequenas e médias reagises, e
navios. Além disso, efluentes contendo 6leo diesmistantemente
atingem as regides costeiras como consequénciaadetifzacdo como
combustivel de veiculos rodoviarios e maquinas emldKENNISH,
1992). Vale salientar que hoje, no Brasil, aproxiamaente 40% da
energia consumida é proveniente do petréleo e atdws; dos quais o
O0leo diesel apresenta elevada representatividadgunBio recente
relatério sobre o balanco energético no pais debddo pelo
Ministério de Minas e Energia, o 6leo diesel é ingipal combustivel
utilizado tanto no setor de transportes (48,65%na@ no agropecuario
(58,2%) (BEN, 2011). A demanda por 6leo dieselesante tendo em
vista 0 aumento da frota rodoviaria nacional enR%lpara veiculos
pesados, e 10,6% para veiculos leves em relacadnaade 2009 (BEN,
2011), o que igualmente representa um potenciakatomo aporte de
contaminantes nos ambientes costeiros.

De acordo com Neff (2002), o éleo diesel, tambéanwdo de
O6leo n° 2, é considerado um Oleo de densidade médiamposto
basicamente por hidrocarbonetos alifaticos (HAayanaticos. Dentre
0s aromaticos, os monociclicos ou BTEX (benzeroetw, etilbenzeno
e xilenos), que apresentam apenas um anel arom&tico os mais
abundantes, seguidos pelos policiclicos (HPASs). td3esos mais
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representativos sao aqueles que contém de doiateo cqanéis (NEFF;
STOUT; GUNSTER, 2005). Dentre os HPAs, o naftalerfenantreno,
e seus derivados metilados e/ou alquilados, sé@oais frequentemente
encontrados no Oleo diesel (IRWIN et al.,, 1997a; NZELLA;
MARTINEZ; COLUS, 2007).

No ambiente aquatico, o 6leo diesel pode promovios
distdrbios nos organismos expostos, tanto por meifracéo insoluvel
em agua, que pode, por exemplo, comprometer aastgasosas quando
em contato com as branquias (PACHECO; SANTOS, 2@@iho pela
fracdo hidrossollvel, através da biodisponibilipacie HAs e HPAs
(BARRON et al., 1999; MEADOR, 2003; SIMONATO; GUEBE
MARTINEZ, 2008). Segundo Neff (2002), embora os H&sercam
efeitos narcéticos nos organismos, sdo os BTEXnggiecem atencéo
em termos de risco ambiental. Ainda que volatestese compostos
apresentam moderada solubilidade em agua e sadanagite
bioacumulados e eliminados, podendo exercer efdif@gos nos
organismos expostos (NEFF, 2002). Por outro ladesnmo que pouco
representativos quando comparados aos HAs e BTEX;IRAs sdo
considerados os componentes de maior toxicidade caganismos
aquaticos (FRANCIONI et al., 2007a, 2007b; MEADCOR(3; NEFF,
2002). Dentre seus efeitos toxicos, 0s relacionadogprocessos
genotoxicos (AKCHA et al., 2000; MACHELLA; REGOLI
SANTELLA, 2005), carcinogénicos (AAS et al., 200KCHA et al.,
2003; DI et al.,, 2011), e no estabelecimento deegst oxidativo
(BARSIENE et al., 2006; CAJARAVILLE et al., 2006; FROUIN &,
2007; LIVINGSTONE, 2001, 2003; VAN DER OOST; BEYER,;
VERMEULEN, 2003) sdo comumente relatados.

Componentes quimicos do petroleo e seus deriveatobém
merecem atencao sob a dtica da ecotoxicologia iasgu@entre eles,
destaca-se o fenantreno, um hidrocarboneto aramdticiclico,
semivolatil, abundante e amplamente distribuidone@® aquatico, além
de ser considerado um composto toxico para divemsganismos
aquaticos (IRWIN et al., 1997b; MIRANDA, 2008). Dato, estudos
recentes demonstraram seus efeitos no sistema libgicw de
moluscos bivalves (HANNAM et al., 2010), e no estabimento de
estresse oxidativo em peixes (JEE; KANG, 2005; &IRA,
PACHECO; SANTOS, 2008; SUN et al., 2006; YIN et &007) e
microcrustaceos (FELDMANNOVA et al., 2006; NEWSTEGIESY,
1987). Alteragcdes comportamentais também foram recent@ment
relatadas em peixes (CARVALHO et al., 2008; CORREtAl., 2007),
fornecendo importantes evidéncias experimentaisesatioxicidade do
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fenantreno, indicando seu potencial para danoségicols. Outra

importante caracteristica deste composto referésesua estrutura
quimica. Apesar de ndo apresentar propriedade nogémica, 0

fenantreno possui a regido de baia, caracterfstiobém presente em
outros HPAs considerados carcinogénicos, como @djajpireno

(BaP) (ZHONG, 2011). E, portanto, considerado umm lwoodelo para
estudos do metabolismo de HPAs (SCHOBER et al.020dendo

classificado como um poluente prioritario peld EPA(2009).

Além de derivados de petrdleo, ambientes aquétisae
constantemente impactados pelo esgoto doméstigun8e Chaler e
colaboradores (2004), estes efluentes compreendsturas complexas
de diferentes classes de quimicos, 0s quais includRAs,
organoclorados, bifenilas policloradas, metais dragetergentes,
pesticidas, além de farmacos e produtos de higessoal. Ainda,
potenciais desreguladores enddcrinos, ou seja, axto® sintéticos ou
naturais com capacidade de alterar o sistema d@ndddps animais
podem ser encontrados no esgoto doméstico (BOGERSE, €£007),
além da contaminagdo bioldgica por patdgenos vieaisacterianos
(PARASHAR et al.,, 2003). Neste sentido, a avaliaghs efeitos
toxicos em organismos expostos ao esgoto constituidos maiores
desafios para a ecotoxicologia aquética atual. NwiB este desafio é
ainda mais evidente, tendo em vista a insuficiénci@amo ja citado - na
oferta de servicos de saneamento béasico. Uma pasgetentemente
realizada pelo Ministério das Cidades (PNSB, 20i&fprcou a
problemética no pais, demonstrando que pouco naimetade dos
municipios brasileiros (55,2%) apresentam servigo esgotamento
sanitario. E importante salientar que a pesquiererse apenas a
existéncia do servico no municipio, sem considaraxtensdo da rede,
a qualidade do atendimento, ou se o esgoto, defmisecolhido, é
tratado (PNSB, 2010). Neste sentido, 0 cenario sapta-se ainda
mais critico.

Tendo em vista as complexas fontes de contamindgameio
aquatico, ha, atualmente, crescente demanda pamientas sensiveis
para avaliacdo dos impactos antropicos nas pomsdagiaturais
ameacadas. Neste contexto, programas de biomanéata ambiental
Sao propostos com o intuito de alertar e preveanod nos ecossistemas
costeiros, recomendando: 1) o uso de organismdadiiadores de
contaminacao; 2) a realizacdo de analises quim@aes,determinam
analiticamente a concentragcdo dos contaminantesa3hvestigacao de
parametros biol6gicos, como a utilizacdo de bioadwes de
contaminacao aquatica, que reflitam os impactosxéosbioticos nos
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organismos expostos (ICES, 2004; LAW et al., 20MARTIN-DIAZ
et al., 2004; OLF, 2005).

Organismos aquaticos como bioindicadores de contanscao
ambiental

Em um cenario ideal, o monitoramento ambiental ianal
mudancgas na estrutura e composi¢do das comunitadégicas frente
a qualquer perturbacdo ambiental. Entretanto, emcenario real, o
tempo necessario para se conhecer as respostagiits grupos de
organismos presentes em um determinado ambiente demasiado
longo. Assim, multiplos grupos taxondmicos tém sitibzados com o
intuito de aperfeicoar a avaliagdo da qualidade iemd
(ROSENBERG; RESH, 1993). Segundo Beeby (2001), sesse
organismos apresentam diferentes denomina¢des,uais giferem
conforme sua aplicacdo: monitores, quando orgarmissdo utilizados
para indicar algum efeito adverso nas suas funci@&s,como em
parametros fisiolégicos e bioquimicos; sentinelaarglo, através de
analises quimicas, os organismos podem refleticanacbes de
contaminantes biodisponiveis no ambiente; e indieg] que, com um
cunho mais ecolédgico, acusam mudancas nas estytofaulacionais
causadas pelo impacto antrépico. Entretanto, rest escolhemos o
termo comumente utilizado em estudos ambientaisindicadores
(LAW et al.,, 2011). Segundo Holt e Miller (2011)ioindicador é
qualquer espécie, comunidade ou processo bioldgitizado para
avaliar a qualidade ambiental, identificando paEecalteracbes ao
longo do tempo.

No ambiente aquatico, dois grupos de animais sao
predominantemente utilizados como bioindicadorescalgaminacao:
peixes e moluscos bivalves. Isso porque ambos mont@m
mecanismos de bioacumulagéo e biomagnificacdo (FANRNES et al.,
2007; HEDOUIN et al., 2006; WEISBROD et al., 200Pkixes estéo
presentes em praticamente qualquer corpo d’agssupm uma vasta
variedade de nichos ecoldgicos entre as espétdes,de transportarem
0s contaminantes do meio aquético para o terrastgés do processo
de biomagnificacdo ao longo da cadeia trofica (PARIM2010). Por
outro lado, os bivalves, como ostras e mexilhd&s, amplamente
utilizados como bioindicadores por apresentarem landistribuicdo
geogréfica e hébito filtrador, 0o que acarreta enasaltaxas de
acumulacdo de contaminantes em seus tecidos (ICH®4;
SHEEHAN; POWER, 1999). Além disso, sdo cosmopglitsseis,
eurialinos, facilmente amostrados e representanimpuortante recurso
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nutricional e econdmico para as populagbes humamasregifes
costeiras (BAINY et al., 2000; CHEUNG et al., 2002ES, 2004).

Na costa brasileira, esforgcos tém sido direcion@ana a escolha
de espécies que apresentem tanto interesse econéomm ecoldgico.
Nesse contexto, a ostra do mang@eassostrea brasiliangLamarck,
1819), merece destaque. Segundo Ferreira e Nefab)2@além de
cultivado com sucesso, este bivalve apresentadyeade sobrevivéncia
no estado de Santa Catarina, fato este corrobgadBie et al. (2006)
para as demais regides do pais. Ainda, esta espéeieteriza-se por
habitar regifes estuarinas e de manguezais, as, gadidamente, sdo
expostas a aportes periodicos de contaminantesadadas fontes.
Ademais, apresenta ampla distribuicdo geografieads encontrada
desde o sul do Brasil até o Para (regido nortedicamdo sua
potencialidade de uso em programas de biomonitaremzenbiental na
costa brasileira (LAZOSKI, 2004). Considerando ospea&tos
supracitados, a ostr&€. brasiliana foi escolhida como organismo
modelo para os experimentos mostrados nesta te&@HMANN et al.,
2011).

Biomarcadores de contamina¢éo aquatica

Em um contexto ecotoxicoldgico, biomarcadores séfinidos
como alteracdes biologicas de carater moleculdmjaceou fisioldégico
que expressam o0s efeitos tdxicos causados pelotantioantes
ambientais (WALKER et al., 1996). Tendo em visianadiata resposta
biolégica no nivel subindividual, Huggett et al99R) destacam o papel
dos biomarcadores como sinalizadores da degradagé@éental, com
potencial para prever danos em niveis maioresgin@acao ecoldgica,
como populagdes e comunidades biolégicas (RANDS1LIEm termos
praticos, os biomarcadores compreendem ferramentasa fungéo de
refletir a interacao entre o sistema biolégico e@sobibticos presentes
no ambiente.

As vantagens no uso de biomarcadores em estudos
ecotoxicologicos e programas de biomonitoramentbiemal referem-
se, na maioria dos casos, a um menor custo assaxiahior rapidez e
facilidade das técnicas quando comparadas as itradis andlises
guimicas, além de detectar mudancas antes do poylilacional
(GALLOWAY et al., 2002). Ainda, Mayeux (2004) erifa#t que 0 uso
de biomarcadores pode aumentar a sensibilidadeesi®osta como
estimativa do grau de exposicao ou analise de.fi&upetanto, algumas
desvantagens podem ser identificadas. Por exeraplagspostas de
biomarcadores podem variar de acordo com alteragdescondicdes



38

ambientais, como variagfes naturais de salinidesheperatura e pH,
estacdo do ano, além da interferéncia de fatore®diios, como
tamanho, género e estagio reprodutivo do organibmmdicador,
gerando incertezas nos resultados obtidos (MARTIAZet al., 2004).
Ainda, ha relatos de significativa variabilidade teiindividual,
especialmente quando se analisa populagfes protemnide ambientes
naturais (TALEB et al., 2009; WEBB; GAGNON, 2009ssim,
esforcos devem ser direcionados no sentido de p&Mom maior
conhecimento da variabilidade natural dos biomameinas espécies
bioindicadoras, bem como estabelecer métodos cdm gahu de
sensibilidade e reprodutibilidade.

Biomarcadores bioquimicos

Muito xenobi6ticos ambientais séo lipofilicos, eedaz com que
sejam rapidamente absorvidos pelos organismos iegsi&@través das
membranas lipidicas de diferentes tecidos. Assimpresenca de um
elaborado sistema bioquimico de biotransformacacecpa ser o
principal mecanismo de protecdo celular dos orgawdsexpostos a
esses compostos. Neste sistema, cujas enzimarmrpraselaborado
nivel de organizagdo nos compartimentos celulares;ontaminantes
sdo metabolizados, facilitando assim o0 processo etiminacao
(SACCO, 2006). Dentro das células, as enzimas ikacalse,
principalmente, no citoplasma e membranas de olasmomo reticulo
endoplasmético e mitocdndria, além de membranaplagmaticas.
Segundo Sacco (2006), o metabolismo de xenobidtioostitui um
fator crucial no destino e toxicidade do compostdmico em um
organismo, determinando sua rota metabdlica: aanisftormacao, e
potencial excrecdo, ou bioacumulacdo nas céluldgosak. Nesse
sentido, o entendimento do sistema de biotransigitmam organismos
aquaticos representa um dos principais alvos emudest
ecotoxicologicos.

O processo de biotransformacao de xenobioticogmafito por
enzimas de fase I, Il e Ill. As de fase |, conhasidcomo
monooxigenases e constituidas, principalmente, gistema citocromo
P450 (CYP) e flavina-monoxigenases (FMOs) (NIYOGkE, 2001),
desempenham papel central na metabolizacdo de igdnob
lipofilicos, tornando-os hidrofilicos através degées de detoxificagdo
ou bioativacdo (OMIECINSKI et al., 2011). Apos efdtae de ativacao,
0s xenobidticos eletrofilicos podem ser conjugaalagirias moléculas
enddgenas, como a glutationa (GSH), reduzindo exiaidade. Esta
reacdo de conjugacdo pode ser catalisada por ujuntorde enzimas
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de fase Il, tais como a glutatior&transferase (GST), resultando em
produtos mais hidrossollveis, permitindo que @sistde transporte de
fase Ill elimine estes conjugados para 0 meio eatuar
(FITZPATRICK et al., 1997; HAYES; FLANAGAN; JOWSE2005).
Na fase Il de biotransformacdo de xenobidticosptginas de
membrana, componentes do sistema de resistéacialltiplos
xenobidticos rultixenobiotic resistance — MXR expulsam o0s
xenobidticos da célula (LUCKENBACH; EPEL, 2008).

Dentre as enzimas supracitadas, CYPs e GSTs gjanlante
utilizadas como biomarcadores de contaminacdo (BERIO;
BARREIRA, 2009; VAN DER OOST; BEYER; VERMEULEN, 26Q
No entanto, o mecanismo de a¢do e as potencigsedifas quanto a
especificidade e magnitude de resposta ainda né&onfdotalmente
elucidadas em organismos aquaticos. Parte dedteprética refere-se
a complexidade de ambas as familias de enzimas. eRemplo,
componentes do sistema CYP compreendem uma complexa
superfamilia de enzimas, que em humanos é formad&isoformas
distribuidas em 18 familias e 42 subfamilias (NEBERUSSELL,
2002; OMIECINSKI, 2011), enquanto as GSTs séo ifleadas em
sete classes de enzimas citosdlicas, além de nsasomitocondriais e
microssomais (HAYES; FLANAGAN; JOWSEY, 2005). Enéeto, em
comparacdo a modelos mamiferos, permanece em abetimero total
de CYPs e GSTS existentes em moluscos bivalves QvigAal, 2011;
ZANETTE et al.,, 2010). Dessa maneira, ainda ¢€ itifeefinir
precisamente as funcdes cataliticas ou a imposaaéfisiologica e
toxicoldgica exercida por estas enzimas nestesismas.

As defesas antioxidantes constituem sistemas iogos que
tendem a proteger as células contra os efeitogédele de espécies
reativas de oxigénio (EROs). As EROs incluem raslibares derivados
do O,, como o radical anion superéxido,({) o oxigénio singlete’Q,)

e o radical hidroxila QH), bem como os derivados nao radicalares,
como o peroxido de hidrogénio {B;). Uma vez formadas, as EROs
podem reagir com diferentes alvos celulares levaadormacao de
lesBes oxidativas em proteinas, DNA e lipidios (ARA et al., 2007;
HALLIWELL; GUTTERIDGE, 2007). Assim, a célula possum
complexo sistema de detoxificacdo de EROs, formtaddo por
moléculas ndo-enzimaticas, como a glutationa (GStdhno por
enzimas com funcbes definidas neste processo. ifispeente, a
enzima superdxido dismutase (SOD) remove o raditiah superdxido,
enquanto as enzimas catalase (CAT) e glutationaxjplse (GPXx)
atuam na detoxificacdo do peroxido de hidrogéni®AB; LEVY,
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2000). Adicionalmente, esse sistema conta com enzimas
complementares, tais como a glutationa redutase) @&, como o
préprio nome sugere, catalisa a reducao da glotatixidada (GSSG)
em sua forma reduzida (GSH), além da enzima gh6desfato
desidrogenase (G6PDH), que fornece a nicotinanidamina
dinucleotideo fosfato reduzida (NADPH) como equéns redutor para
a conversdo de GSSG em GSH. Ainda, a enzipglutamil
transpeptidase (GGT) é responsavel pela transiaréde grupos
glutamil da GSH para inUmeros aminoacidos ou pepsidalém de
fornecer residuos de cisteina para sintese pr@t@meés da degradacao
da glutationa (LIU et al., 1998).

Na célula, as EROs podem ser naturalmente fornmdulante o
processo de fosforilacdo oxidativa para obtencdoenergia, acéo
fagocitaria de células de defesa e reacfes enzasdi s TOREY, 1996).
Entretanto, a producdo dessas espécies toxicasspodeimentada pela
presenca de certas classes de xenobiéticos, comsequéncia das
reacbes de biotransformacdo de compostos organieis, como
quinonas e HPAs, e ainda, pela presenca de ion8licost livres
gerando ciclos de reagOes oxidativas (AKCHA et241Q3; PADMINI,
2010; REGOLI et al., 2002; WALKER et al., 2011). fxo, estudos
realizados em organismos aquaticos demonstraradugdo de estresse
oxidativo causada pela exposicdo a contaminantedbieatais
(ANSALDO; NAJLE; LUQUET, 2005; BAINY et al., 19965ALAR-
MARTINEZ et al., 2010; NOGUEIRA et al., 2011). Segio Halliwell
e Gutteridge (2007), o estresse oxidativo é deainicbmo um
desequilibrio entre a producéo de EROs e as dedesasidantes, com
consequente efeito em diferentes funcbes celuldesacordo com
Badmini (2010), alteracbes no sucesso reprodutaomento na
suscetibilidade a doencas e, em Ultima instaneissabrevivéncia dos
organismos sao alguns dos efeitos observados emaiarsob condicdes
de estresse oxidativo. Dessa forma, essa condigiigibca resulta em
uma série de implicagcdes ecoldgicas para as coemesdnaturais, o
que reforca a importancia de se avaliar parametntiexidantes em
animais expostos a contaminantes ambientais.

A inducdo da sintese de proteinas de estresseobeiras de
choque térmicoheat shock proteins - Hgpambém esté incluida entre
0s biomarcadores bioquimicos para avaliacdo dagonacao aquatica.
A estrutura altamente conservada dessas proteimas diferentes
taxons sugere que elas desempenham um papel essengianutencao
de processos celulares. Por exemplo, sob condigiiesais na célula,
as Hsp podem atuar como chaperonas, estabilizandiatarmediarios
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de polipeptideos recém sintetizados. Essas prsteineam ainda, na
transducéo de sinais, no transporte de proteirmgstabilizacdo de
fatores de transcricdo e contra o efeito proteotdxiausado por uma
grande variedade de agentes estressores fisicoisnecas (IVANINA,
SOKOLOVA; SUKHOTIN, 2008; PANTZARTZI et al., 201®RATT,
1997; SNYDER; GIRVETZ; MULDER, 2001). Conforme s@&so
molecular (em kDa, quilodalton) as Hsp podem seiditias em sete
familias: Hsp10, pequenas Hsp (com peso entre 3% kDa), Hsp40,
Hsp60, Hsp70, Hsp90 e Hspl110 (PADMINI, 2010). Dests HsplO e
Hsp60 sdo mitocondriais, enquanto as demais s&en@abknente
citoplasmaticas. Sob o ponto de vista ecotoxicolghs familias mais
bem estudadas em animais aquéticos sdo: as Hapd@egmostraram
fortemente induziveis por metais no mexili&&rna perna(FRANCO
et al., 2006) e por derivados de petroleo no matiBeachionus plicatilis
(WHEELOCK et al., 2002); as Hsp70, com menoresigigda proteina
identificados em ostraSrassostrea gigasxpostas a metais (BOUTET
et al., 2003) e peixe®reochromis niloticusmantidos em ambiente
potencialmente contaminado (FRANCO et al., 2010}sp90, que
assim como as Hsp70, apresentaram niveis menor@sotkina, em
relacdo ao grupo controle, em ost@asssostrea virginicdratadas com
cadmio (IVANINA; TAYLOR; SOKOLOV, 2009) - embora ©h Jo e
Choi (2008) tenham observado um padrdo oposto guasttasC.
gigasforam expostas ao mesmo metal.

Biomarcadores moleculares

Paralelamente a utilizagdo de biomarcadores bidgosm
técnicas disponibilizadas pela ciéncia gendmicadoestsendo
padronizadas e aplicadas em estudos ecotoxicokjgiom o intuito de
compreender os mecanismos moleculares envolvidgs respostas
toxicas de organismos expostos a contaminanteseatats (ALAMO
et al., 2012; CHAPMAN, et al. 2011). A ecotoxicogemnca, area que
compreende o emprego das ferramentas de gendmicesteitios de
ecotoxicologia, apresenta vantagens frente aos dogadores
bioguimicos classicos, uma vez que respostas biocas podem ser
inespecificas ao contaminante avaliado (SNAPE et 2a004).
Historicamente, o0s biomarcadores normalmente atitz em
programas de biomonitoramento ambiental sdo prewmess da
toxicologia classica e sédo destinados, em Ultiretintia, a avaliacdo e
previsdo dos efeitos téxicos de farmacos e quinaotsientais na salde
humana (FORBES; PALMQVIST; BACH, 2006). Nestes pangas,
potenciais problemas na interpretacdo de dadoshgquentemente na
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avaliagdo de risco ambiental, podem ser enfrentaglemndo séo
avaliadas espécies cujas respostas e mecanismoscutaoks de
toxicidade sdo pouco conhecidos. Dessa forma, toxécogendmica
apresenta-se como uma area promissora em estuti@néars, uma vez
que fornece subsidios tanto para a identificacdoetiecdo de dose-
resposta para cada classe de contaminante, co@@ paconhecimento
da potencial variacdo de respostas entre espécegntendimento das
vias metabdlicas envolvidas nos mecanismos de itaxie (VAN
AGGELEN et al.,, 2010). Ainda, novos e especificimmarcadores
podem ser identificados, contribuindo para o estabmento de
diretrizes e prioridades junto a agéncias reguglambientais (VAN
AGGELEN et al., 2010).

Técnicas de “Omica” incluem uma ampla variedade de
plataformas metodoldgicas visando andlises de gasommanscritos,
metabolitos e proteinas, que, por sua vez, coasiitas respectivas
areas de estudo atualmente denominadas gendmececriptdmica,
metabol6mica e protedmica (NRC, 2007). Basicameedsas areas
constituem a chamada “era pés-genémica”, cujo manicial é
considerado o sequenciamento do primeiro genomaatmoiram 2001
(VENTER et al., 2001). Seus termos representamogeshos com 0
emprego do sufixo "oma" ou "dmica", que em gregmificam "todo",
"completo” ou "inteiro" (AMARAL et al., 2006). Demt do enfoque da
ecotoxicogendmica, e com o auxilio da bioinfornatessas abordagens
“holisticas” focam principalmente na transcricdderincial e na
identificacdo de genes em organismos expostoseegedits classes de
contaminantes ambientais por ferramentas de tipimoia (JAYAPAL
et al., 2010; SNAPE et al., 2004).

Tradicionalmente, projetos de transcriptoma de risgaos cujo
genoma permanece desconhecido, ou pouco caradtgrizaseiam-se
na geracdo e caracterizacdo de etiquetas de sepiénanscritas
(expressed sequence tagsSTs) (BOUCK; VISION, 2007; BURNETT
et al., 2007; JOUBERT et al., 2010; ROBERTS et24109; VENIER et
al., 2006, 2009). Estas sequéncias parciais chantz8laés sao resultado
do sequenciamento de DNA complementar (cCDNASs),peesentam o
conjunto de RNA mensageiros (mMRNA) produzidos pararganismo
em um determinado tempo, local ou condicdo ambidd&sse sentido,
bibliotecas de ESTs fornecem um dos melhores ces&isvos para a
descoberta de genes e padrbes de transcricdo gé@meavez que a
maioria das sequéncias obtidas codifica proteiras, auséncia de
introns e regides intergénicas facilita a analisea econsequente
interpretacdo dos resultados (OHLROGGE; BENNINQ)®0 Dados
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de ESTs sao gerados em grande escala, geralmeneseartando
diversos tecidos e tratamentos e permitindo difese@plicacbes em
estudos relacionados a respostas ao nivel de tigitsc Com este
proposito, diferentes bibliotecas podem ser conggemaresultando na
transcricdo génica diferencial, e técnicas de msade cDNA ¢DNA
arrays) podem ser desenvolvidas para avaliar a transcrag até
dezenas de milhares de genes simultaneamente (BOWCHON,
2007), como recentemente demonstrado em estudoscudéo
ecotoxicolégico com organismos aquaticos (CHANEYRAEEY,
2011; DONDERO et al. 2006; VANDEGEHUCHTE et al., 120
WILLIAMS et al., 2008). Adicionalmente, as biblicess de ESTs
podem ser normalizadas por meio da utilizacdo dadé de hibridacéo
subtrativa supressivasyppressive subtractive hybridizatjoisSH,
isolando genes diferencialmente transcritos polerdehados tipos
celulares sob condi¢cBes fisiolégicas ou experiniengspecificas
(DIACHENKO et al., 1996). A partir dessa abordagdmas populacdes
de cDNA sdo comparadas, isolando transcritos ditgaémente
expressos (WINSTANLEY, 2008).

Apesar de inicialmente desenvolvida para identificgenes
relacionados a doencas humanas, a SSH possuicdgiscam diversos
organismos, sendo também aplicada com éxito em dastu
ecotoxicolégicos com animais aquaticos (VENIER let 2009). Por
exemplo, a SSH foi recentemente utilizada para tiiitzar genes
induzidos e reprimidos em resposta a exposicaodeodarbonetos
derivados de petroleo em ostras do Pacifito gigas (BOUTET;
TANGUY; MORAGA, 2004) e em copépodd3alanus finmarchicus
(HANSEN et al., 2007), e para identificar genesngis de ESTs que
tiveram sua transcricdo alterada €&n gigase no abaloneHaliotis
rufescensdevido a exposicdo a pesticidas e cobre, respactinte
(COLLIN et al., 2010; SILVA-ACIARES et al., 2011A versatilidade
da técnica também é confirmada nos diversos estygmsa empregam
para as mais variadas aplicacdes, como por exepga,o isolamento
de genes diferencialmente transcritosCdgigase Haliotis diversicolor
infectados com patégenos ambientais (RENAULT ef@ll; WANG
et al., 2008), e na identificacdo de novos biondoes ambientais em
peixes Dicentrarchus labraxexpostosin situ a diferentes fontes de
contaminacao costeira (NOGUEIRA et al., 2010). Blesintexto, nosso
grupo de pesquisa também vem utilizando a mesnmictéa fim de
identificar genes induzidos e/ou reprimidos porogsgloméstico em
duas espécies de ostrés,gigas(MEDEIROS et al., 2008; TOLEDO-
SILVA, 2009) e Crassostrea rhizophora ANETTE, 2009), além de
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avaliar o efeito de derivados de petroleo na ammid&diferencial de
transcritos em peixeRoecilia vivipara(MATTOS et al., 2010).

Tradicionalmente, as sequéncias de ESTs sdo detatas pelo
sequenciamento de Sanger, também chamado de nuddominacao
da cadeia por dideoxinucleotideos (ddNTP) ou sedaem®nto de
primeira geracaofifst-generation sequencingSCHADT; TURNER,;
KASARSKIS, 2010). Entretanto, dependendo da apficaeste método
apresenta limitacdes relacionadas ao tempo degsacento e ao custo
elevado, especialmente quando se trata de bildiotde cDNA n&o
normalizadas. Neste sentido, novas tecnologiasedeesiciamento -
conhecidas como sequenciamento de proxima geraeitdeneration
sequencing NGS - estdo em desenvolvimento e representam uma
alternativa viavel para projetos de transcriptotaato para espécies
modelo, como para aquelas cujo genoma ainda nasefpienciado
(EKBLOM; GALINDO, 2011; SCHIRMER et al., 2010; SHENURE;
JI, 2008). Estas novas técnicas de NGS criam umedanga de
paradigmas dentro da abordagem da ecotoxicogen@uicica.

Sdo0 quatro as principais plataformas de NGS atuméne
disponiveis:  454/Roche; lllumina/Solexa; ABI SOLID™ e
HeliScope™. Destas, as trés primeiras constituseganda geracao da
tecnologia de sequenciamentee¢ond-generation sequencinge a
Gltima, mesmo sendo a mais recente e ainda potiedagl®, promete o
sequenciamento de molécula Unica com leituras reatensas, e
constitui a terceira geracdo da tecnologia de sempmento third-
generation sequencing) (SCHADT; TURNER; KASARSKIS, 2010).
Embora os sistemas de NGS compreendam bioquimicas d
sequenciamento diferentes (Tabela 1), todos promove
sequenciamento de &cidos nucléicos em plataformpazes de gerar
informacao sobre milhGes de pares de bases em uima dorrida.
Nesse sentido, os Ultimos avancgos dessas tecrlagaltaram em: 1)
um aumento dramatico da velocidade e da faciliddl@quisicdo de
grande gquantidade de dados; 2) a reducdo espetaladacustos do
sequenciamento; 3) e a consequente democratizacg@gdenciamento
de A&cidos nucléicos (KAMB, 2011; SHENDURE; JI, 2p08
Adicionalmente, técnicas de NGS dispensam métodoslanagem
tradicionalmente laboriosos (CARVALHO; SILVA, 2010além da
vantagem de ndo requerer conhecimentos prévios dabnanho e
estrutura dos transcritos (SCHIRMER et al., 2010).

A tecnologia de sequenciamento de ESTs foi recesrt@m
aplicada em estudos com organismos aquaticos, pomexemplo, com
as ostrasC. virginica (QUILANG et al., 2007; WANG; GUO, 2007) e
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C. gigas(YU; LI, 2008), com os mexilhaMytilus galloprovincialis
(VENIER et al., 2009) e com o bivalve Antartitaternula elliptica
(PARK et al., 2008). No entanto, os trabalhos suifgdos usaram o
tradicional método de sequenciamento de Sangeerea recentemente
plataformas de NGS passaram a ser aplicadas emies@guaticas
(SCHIRMER et al., 2010; VAN AGGELEN et al., 201@entre os
sistemas de NGS, o pirosequenciamento na platafdBdaé a mais
utilizada, como pode ser evidenciado nos estudakzaelos com o0s
moluscos Bathymodiolus azoricudBETTENCOURT et al., 2010),
Laternulla elliptica (CLARK et al.,, 2010), M. galloprovincialis
(CRAFT et al.,, 2010)Pactinopecten yessoengidOU et al., 2011),
Pinctada margaritifera (JOUBERT et al,, 2010) eRuditapes
philippinarum (MILAN et al., 2011), com o coraAcropora millipora
(MEYER et al., 2009), com o kriEuphausia superbéCLARK et al.,
2011), e com os peixe®@ncorhynchus mykis€SALEM et al., 2010),
Poecilia reticulata(FRASER et al., 2011), 8almo salafQUINN et al.,
2008). A plataforma 454 produz as maiores leitur@sad9
(aproximadamente 330 bp) (Tabela 1), tornando ei&Eente tanto o
processo de montagemsgemblyem um projeto de sequenciamed&
novo (sequenciamento de genomas desconhecidos), qagmsterior
anotacdo funcional de genes (KUMAR; BLAXTER, 2010;
MARGULIES et al.,, 2005). Dessa forma, o piroseqismento é o
método mais indicado quando pouco é conhecido smlgenoma de
uma espécie (EKBLOM; GALINDO, 2011), o que justfia sua
crescente utilizagcdo em projetos de transcriptorea edpécies de
interesse ecotoxicoldgico.



Tabela 1: Plataformas de sequenciamento de proxima gerd¢@&s) atualmente disponiveis e suas principa &
caracteristicas.

" Bioquimica de Comprimento Tempo e rendimentd
Plataforma Preparacédo da amostra : , )
sequenciamento das leituras  por corrida
454/Roche Fragmentacdo ou MP*; PCRPolimerase 330 7 horas; 0,45
em emulsdogmPCR (pirosequenciamento)
lllumina/Solexa Fragmentagcdo ou MP; PCR Polimerase (terminadores 75 ou 100 4 dias; 18
em fase solida reversiveis)
ABI SOLID Fragmentagéo ou MP; PCR Ligase (octameros 50 7 dias; 30
em emulsdogmPCR com codificagédo de
duas bases)
HeliScope Molécula Unica Polimerase (extensdo 32 8 dias; 37

assincrona)
Fonte: Metzker (2010); Shendure e Ji (2008). *Mfate-paired: corrida pareadaComprimento médio em pares de bases (pb):
*Rendimento em gigabases (Gb).
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Estrutura e objetivos da tese

Apoés a contextualizacdo apresentada nos paragaafesiores
sobre 0 papel e a importancia da ecotoxicologiaaticp - suas
ferramentas, limitacdes e desafios -, torna-seeetda necessidade de
novos estudos que vislumbrem o preenchimento datasnlacunas
ainda abertas. Neste cenario, 0 objetivo desta flEsevestigar a
sensibilidade e aplicacdo de alguns biomarcadoreguimicos e
moleculares em ostraSrassostrea brasiliandratadas com diferentes
contaminantes ambientais, com o intuito de fornensights sobre
respostas e mecanismos de toxicidade, bem comeilzontpara o
estabelecimento de ferramentas sensiveis paraliagéeade impactos
no ambiente aquético. Com este proposito, trésedade contaminantes
foram escolhidas: a fracdo de 6leo diesel acomoeiadagua (FAA) e o
esgoto doméstico, como representantes de mistwaplexas de
xenobidticos; e o fenantreno, um composto simplesiutnente
utilizado como modelo em estudos de toxicidade d®Add Cabe
ressaltar que os dados gerados nesta tese podemaeimportantes
fontes de informacdo para a utlizacdo na avaliago aguas
contaminadas por compostos derivados de petrodmg@o doméstico.
Espera-se, em Ultima instancia, contribuir paraesedvolvimento de
um efetivo programa de biomonitoramento ambierdatasta brasileira.

Os capitulos desta tese foram separados de acamdo desenho
experimental, métodos e parametros escolhidos comuito de atingir
0s objetivos propostos. Com excecdo do Capitulgué, representa o
prefacio, e o Capitulo 6, que apresenta as prirscipansideracdes e
conclusdes finais desta tese, cada capitulo repeesgn manuscrito
preparado para publicacdo, além de um capitulo yéligado
(LUCHMANN et al., 2011 — Capitulo 2) e outro acgitara publicacio
(LUCHMANN et al., 2012 — Capitulo 3). Como os cafiis foram
trabalhados em colaboragdo com outros pesquisadimeaesmos sao
apresentados como co-autores. Todos os manusiiigos preparados
em inglés, seguindo, parcialmente, a formatacaoralastas nas quais
0s mesmos foram (ou serdo) submetidos. Para dadlivisualizacdo da
estrutura deste documento, a Tabela 2 mostra asabiadores e as
abordagens metodologicas utilizadas em cada capitul

O estudo apresentado no Capitulo 2 mostra as taspds
biomarcadores bioquimicos considerados classicds asodtica da
ecotoxicologia aquética, como a atividade das eazi80D, CAT, GR,
GPx, G6PDH, GGT e GST, e a expressédo das protesze) e Hsp90.
Essas andlises foram conduzidas em branquia eulgaddestiva de
ostras expostas por 96 horas a quatro concentragb&AA de 6bleo
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diesel, cujos resultados permitiram, ainda, a coagé® da
sensibilidade de resposta entre os dois tecidaglads. Dados de
bioacumulacdo também séo apresentados.

Tabela 2. Resumos dos principais biomarcadores e/ou técnicas
utilizadas em cada capitulo desta tese.

. P . Capitulo
Biomarcador e/ou técnica analisada 5131415
Atividade da enzima superdxido dismutase (SOD)

Atividade da enzima catalase (CAT) X X
Atividade da enzima glutationa peroxidase (GPx) X | X
Atividade da enzima glutationa redutase (GR) X X
Atividade da enzima glicose-6-fosfato desidrogenase X X
(G6PDH)

Atividade da enzima glutatioritransferase (GST) X X
Atividade da enzimag-glutamil transpeptidase (GGT) X
Expresséo da proteina de estresse Hsp60 X
Expressdo da proteina de estresse Hsp90 X
Hibridagdo subtrativa supressiva (SSH) X
Sequenciamento de EST X
Niveis de mRNA dos genes (SSH) por PCR quantitatiyo X

em tempo real (QPCR)

Niveis de mRNA dos gen€dY P-likee GST-likepor qPCR X

O Capitulo 3 aborda os primeiros dados moleculal®&los
nesta tese. Os resultados séo provenientes daugdtside bibliotecas
subtrativas de cDNA de ostras, através da técniceB8H, com o
objetivo de identificar novos genes candidatos @mharcadores de
exposicdo a derivados de petréleo. Os resultadealiacdo dos genes
identificados, pelo método de PCR quantitativo empo real (QPCR),
também sao evidenciados. Os parametros foram atledisem glandula
digestiva de ostras expostas por 24 horas a unca éohcentracao de
FAA de 6leo diesel.

O Capitulo 4 compreende os resultados obtidos dnepo
projeto transcriptoma em grande escala utilizareljuenciamento de
préxima geracao (plataforma 454) em um organismointieresse
ecotoxicologico no Brasil. Para esta abordagenanfoutilizadas ostras
expostas a FAA de dleo diesel, fenantreno e esgmheéstico, cujos
resultados obtidos representam uma importante iboigfio para a



49

ecotoxicologia nacional. Mais especificamente, abdtho faz uma
descricdo geral do transcriptoma @a brasiliang comparando os
resultados com dados disponiveis para outras espéajos genomas
ainda ndo foram sequenciados. Ainda que de forrelnpnar, este
estudo também identifica genes de importancia gmatidgica.

O estudo descrito no Capitulo 5 resulta da aplzagimétodos
bioquimicos e moleculares em branquia e glandgastiva de ostras
expostas por 24 horas a duas concentracbes detrfam@anNele,
resultados de biomarcadores antioxidantes nao-étiziss, como 0
estado tidlico celular, bem como biomarcadores nefiticos, como
CAT, GPx, GR, G6PDH e GST, séo abordados de fownaparativa
entre os dois tecidos estudados. Adicionalmentguéseias génicas
similares aCYPe GSTidentificadas no Capitulo 4 foram utilizadas para
avaliacdo da transcricdo destes genes, por gPCRresposta a
exposicdo ao fenantreno. Dados referentes ao mamiémto dos niveis
de fenantreno na 4gua durante a exposi¢ao tamlmeapsedsentados.

Finalmente, o Capitulo 6 sumariza os principaisadol dos
Capitulos 2, 3, 4 e 5, bem como destaca as coasiiks finais e
principais conclusfes alcancadas ao final dos gaams deste estudo.



50



51

Capitulo 2

Biochemical biomarkers and hydrocarbons concentratins in-the
mangrove oysterCrassostrea brasiliandollowing exposure to diesel
fuel water-accommodated fraction

Karim H. Luchmanf Jacé J. MattdsMarilia N. Siebeft Ninna
Granucdi, Tarquin S. Dorringtch Marcia C. Bl'ceglb Satie Tanigucﬁj
Silvio T. Sasakj, Fabio G. Daura-Jor§eAfonso C.D. Bain§

Publicado na Aquatic Toxicology Volume 105, Numerd<t: 652-660,
2011

®Laboratério de Biomarcadores de Contaminacdo Agquadtie

Imunoquimica, Departamento de Bioquimica, Univerdel Federal de
Santa Catarina, Floriandpolis, Brazil;°Laboratério de Quimica
Organica Marinha, Instituto Oceanografico, Univetade de Sao
Paulo, Sdo Paulo, Brazil‘Laboratério de Mamiferos Aquaticos,
Departamento de Ecologia e Zoologia, Universidadeldéfal de Santa
Catarina, Florianépolis, Brazil.



52

Abstract

Understanding the toxic mechanisms by which orgasisope to
environmental stressful conditions is a fundamergakestion for
ecotoxicology. In this study, we evaluated biochexhiresponses and
hydrocarbons bioaccumulation of the mangrove oy§leassostrea
brasiliana exposed for 96 h to four sublethal concentratiohsliesel
fuel water accommodated fraction (WAF). For thatpose, enzymatic
activities (SOD, CAT, GPx, GR, G6PDH, GST and GGH3%p60 and
Hsp90 immunocontent and LPO levels were determingtle gill and
digestive gland of oysters and related to the hgahtwons accumulated
in the whole soft tissues. The results of this ytudvealed clear
biochemical responses to diesel fuel WAF exposarboth tissues of
the oyster. The capacity @f. brasilianato bioaccumulate aliphatic and
aromatic hydrocarbons in a concentration-depenai@mner is a strong
indication of its suitability as a model in biomtmring programs along
the Brazilian coast, which was also validated by thsponse of the
antioxidant defenses, phase Il biotransformatich @raperones. Hsp60
levels and GGT activity were the most promisingntéokers in the gill,
while GST and GR activities stood out as suitabtemlarkers for the
detection of diesel toxicity in the digestive glafithe decrease of SOD
activity and Hsp90 levels may also reflect a negagffect of diesel
exposure regardless the tissue. The present rgsultdgde a sound
preliminary report on the biochemical responses Cof brasiliana
challenged with a petroleum by-product and should darefully
considered for use in the monitoring of oil and getivities in Brazil.
Keywords: Diesel; Biomarkers; Pollution; OysterCrassostrea
brasiliana

Introduction

The recent discovery of potentially massive oilergss in
Brazilian offshore waters has projected the couitty becoming one
of the world’s largest producers of crude oil (Werm, 2009). There is,
therefore, a need for monitoring of petroleum induactivities and the
possibility of marine contamination. Oil exploratioproduction and
transport potentially expose marine organisms tdropkemical
compounds; hence, a pollution-monitoring programaigpriority to
assess the effects of petroleum by-products on sugdmisms. It may
also enhance any decision-making in the public puhte sectors on
the environmental effects of accidents, such asdbent BP oil spill in
the Gulf of Mexico.
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Filter-feeding mollusks, such as oysters, playgaiicant role as
sentinel organisms in monitoring programs due teirtltapacity to
bioaccumulate environmental contaminants as weth asspond to their
presence (Bebianno and Barreira, 2009; Solé e@07). Moreover,
they are sessile, globally distributed and econaltyicimportant.
Chemical analysis of contaminants in bivalve tissugas been
recommended for biomonitoring (Solé et al., 200¥hich gives an
indication of the bioavailable fraction of enviroantal contamination
and of direct exposure to chemicals. However, tth@yot necessarily
reveal potential biological effects of the contaamts (Baumard et al.,
1999) and biomarkers have been developed to datecevaluate the
effects of exposure to contaminants in the aquatiwvironment
(Richardson et al., 2008).

Brazilian oyster production has expanded considgraber the
past years, and the native mangrove oySt@&ssostrea brasiliandas
become prevalent in oyster farms in Brazil (Pialgt2006). In addition,
this species naturally occurs throughout Brazitaast in environments
known to be exposed to petroleum by-products, sscHiesel fuel (oil
N°2), the most common fuel used by boats in theldv@Kennish,
1992).

Petroleum by-products and their metabolic prodaces able to
cause a range of biochemical responses involved the
biotransformation of xenobiotics, the antioxidamfehse system and
general cellular metabolism in marine bivalves ¢Aliurger et al., 2003;
Banni et al., 2010; Bebbiano and Barreira, 2009nd.iet al., 2007).
Under these conditions, a metabolic impairment migsult in the
formation of excessive amounts of ROS (reactivegeryspecies) that
can lead to oxidative stress. As a result, the abrintracellular
reducing environment is compromised, damaging pret@ucleic acids
and lipids. Lipid peroxidation is considered a mnajpechanism by
which oxyradicals can cause injury, impairing daltufunction and
ultimately resulting in the failure of normal célinction (Livingstone,
2001). Links between hydrocarbon exposure and ase levels of
lipid peroxidation in bivalves have been shown bgbBinno and
Barreira (2009) and Lima et al. (2007).

However, to protect against the deleterious effe€tROS, cells
contain a complex network of antioxidant defensesnposed of both
enzymatic and nonenzymatic antioxidants (Hallineslid Gutteridge,
2007). The antioxidant system involves enzymes saglsuperoxide
dismutase (SOD), catalase (CAT) and glutathionexidase (GPXx).
SOD dismutates the superoxide anion radica Y Onto hydrogen
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peroxide (HO,), which is degraded by CAT and GPx (Halliwell and
Gutteridge, 2007). Ancillary enzymes, such as ghidae reductase
(GR) and glucose-6-phosphate dehydrogenase (G6RBEi)cle GSH
and NADPH, respectively, contributing to the manaece of an
optimal intracellular redox environment for proganction of cellular
proteins (Circu and Aw, 2010). Among the nonenzymaefenses,
glutathione (GSH), the most abundant intracellulanprotein thiol,
participates in many important biological procedsegiding protection
against toxic compounds. Different enzymes medlaemetabolism of
glutathione andy-glutamyl transpeptidase (GGT) is involved in
glutathione synthesis, exerting an essential mol@xidant-challenged
cells (Liu et al., 1998).

Enzymes implicated in the elimination of by-produdf ROS
play an important role as indirect antioxidants (i et al., 2004), such
as glutathioné&transferase (GST). GSTs are a group of multifometi
enzymes catalyzing the conjugation of a broad rasfgelectrophilic
substrates, generally produced during phase | affasisformation of
organic compounds, to endogenous glutathione (GSkyrey, 1996).
These enzymes are involved in the cellular detoiion and excretion
of many xenobiotics, being ideal as biomarkers @f/gyclic aromatic
hydrocarbon (PAH) exposure in marine bivalves (Beho and
Barreira, 2009). Moreover, the heat shock protélisps) have also
been considered a potential petroleum hydrocaré@aet (Downs et al.,
2001; Wolfe et al., 1999). Ubiquitous in nature,pblglay a role as
molecular chaperones, being able to protect callsinat the toxic
effects of xenobiotics (Kalmar and Greensmith, 2088ps also play a
role in a number of other cellular processes tltatioduring and after
exposure to oxidative stress (Kalmar and Greensralld9), although
their exact role in protection from the effectgpetroleum hydrocarbons
is not fully understood.

Despite the existence of several studies that atalthe impact
of petroleum by-products in the field using oysteedatively few have
focused on the effects of complex mixtures of wamsommodated
hydrocarbons from the petroleum by-products undabotatory
exposure. Furthermore, the combination of chemmmadlysis with
biochemical biomarker assessment has not beenedppliong the
Brazilian coast. In line with this approach, thegant work integrates
for the first time the assessment of a set of pu#tabiochemical
biomarkers of hydrocarbons exposure in the mangroyster
Crassostrea brasilianawith the characterization of the water
accommodated hydrocarbons derived from diesel fuel.
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Materials and methods
Experimental design

Adult mangrove oysters;. brasiliang of similar shell length (4
— 5.5 cm) were obtained from an oyster farming atethe Laboratério
de Moluscos Marinhos (UFSC) in Florianopolis, seuthBrazil, and
immediately transported to the laboratory for adia@tion period of 7
days. Under laboratory conditions, the oysters viretd in aerated 0.45
um-filtered seawater at a constant temperature @lahd salinity (25
ppt), and fed on microalga€liaetoceros mueller@nd Isochrysissp.)
twice a day at a density of 3.3 x®1els.mL* and 2.2 x 10cels.mL?,
respectively.

Groups of 10 oysters were exposed for 96 hours o f
concentrations (2.5%, 5.0%, 10.0% and 20.0%) o$edi¢uel water-
accommodated fraction (diesel WAF), with seawassduas the control
group. Diesel fuel was purchased at a Petrobraelstation and WAF
was obtained according to Singer et al. (2000) withor modifications.
Briefly, one part (1 L) of fresh diesel fuel wasutied with nine parts (9
L) of the 0.45um-filtered seawater (salinity 25 ppt) in a sealédL1
glass flask protected from light, in order to mimde evaporation and
degradation of the fuel components. The dieseliwatexture was
stirred for 23 hours with the tissue homogenizexs3Tol at 1600 rpm at
a constant temperature of 21 °C. The mixture was thade to stand for
1 hour before the lower layer of water (diesel WAR)s transferred into
the aquaria. The four concentrations of diesel WWé&re prepared
through dilutions of the WAF with the control sedgra The animals
were not fed during the exposure period and themxent was carried
out in duplicate. No mortality was observed in btitle control and
treated groups.

After the 96 h experimental period, three oystaxamf each
aquarium, totalizing six animals from each expentak group, were
killed, pooled, wrapped in aluminum foil and immetgily frozen at -80
°C for further chemical analysis. For biochemicargmeters, six
oysters from each aquarium, totalizing 12 animaiemf each
experimental group, were killed and the gill andeditive gland were
immediately excised, frozen in liquid nitrogen aidred at -80 °C until
preparation for analysis.

Chemical analysis

The procedure for the analysis of aliphatic hydrboas (AH)
and polycyclic aromatic hydrocarbons (PAH) followtbdt described in
MacLeod et al. (1985) with minor modifications. &fty, five grams of
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wet tissue was extracted, after the addition ofydrdus NaSQ,, with
hexane/dichloromethane 50% (v/v) using Soxhlet egipa for 8 h.
Before extraction, n-hexadecene, n-eicosengnaghthalene, ¢
acenaphthene, ;gphenanthrene, ;gichrysene, and ;gtperylene were
added to all samples, blanks and reference matasgakurrogates.
Aliphatic hydrocarbons were eluted in a partiallgadtivated (5%)
silica:alumina column chromatography with 40 mL rehexane (F1)
and PAHs with 45 mL of a 1:1 mixture of n-hexanal anethylene
chloride (F2). The PAH fraction was further purifieby high-
performance liquid chromatography (HPLC) to remdimds and
finally concentrated to a volume of 1 mL in hexaaed internal
standards tetradecene ang-lienzo(b)fluoranthene were, respectively,
added to F1 and F2 before gas chromatographic siealgliphatic
hydrocarbons were analyzed by gas chromatograpimg us flame
ionization detector (FID). PAHs were quantitativelpalyzed by gas
chromatograph coupled to a mass spectrometer (GCitM& selected
ion mode (SIM).

Tissue preparation for biochemical analyses

Gill and digestive gland of each oyster were indlinglly weighed
and homogenized in 1:4 w/v chilled buffer (20 mMsHiHCI buffer, pH
7.6, containing 0.5 M sucrose, 1 mM DTT, 1 mM EDTA15 M KCI
and 0.1 mM PMSF) using the tissue homogenizssueTearor™. The
homogenates were centrifuged at 9gd0r 30 min at 4 °C, followed by
a second centrifugation of the supernatants at@g00r 74 min at 4 °C
to obtain the cytosolic fraction. The resulting sumatants were used for
measurements of antioxidant enzyme activity and 9Hsp
immunocontent. The pellets from the first centrédtign were used for
measurement  of y-glutamyl transpeptidase activity, Hsp60
immunocontent and lipid peroxides contents. Totakgin levels were
quantified in both supernatant and pellet accordmé@eterson (1977)
using bovine serum albumin as standard.

Enzyme assays

The cytosolic copper/zinc superoxide dismutase (B@ivity
was determined by an indirect method through thleibition of
cytochromec reduction in the presence of hypoxanthine/xantixidase
O, generator system at 550 nm (McCord and Fridovit869).
Catalase (CAT) activity was measured by the deere@asabsorbance at
240 nm by HO, decomposition, according to Beutler (1975).
Glutathione peroxidase (GPx) activity was measuidirectly by
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monitoring the NADPH oxidation rate at 340 nm aduog to Wendel
(1981) using cumene hydroperoxide (CuOOH) as safiestGlutathione
reductase (GR) activity was quantified by the NAD&#idation rate at
340 nm (Sies et al.,, 1979). Glucose-6-phosphateydiegenase
(G6PDH) activity was determined following the madhof Glock and
McLean (1953), which evaluates the increase in rblasee at 340 nm,
caused by the reduction of NADPto NADPH. GlutathioneS
transferase (GST) activity was assayed by incrgasiisorbance at 340
nm, using 1-chloro-2,4 dinitrobenzene (CDNB) asstidte (Keen et al.,
1976).y-glutamyl transpeptidase (GGT) activity was deteedi using
commercially available kit (Biotecnica Ltda). Alheyme assays using
visible wavelengths were carried out by use of @lswvplates reader
(Spectramax 250, Molecular Devices, Sunnyvale, OAfjle CAT
activity was assayed in a Perkin Elmer Lambda Bia2@/\visible
spectrophotometer (Perkin Elmer, Cambridge, UK).

Hsp immunodetection

Samples of equal total protein content (30 pg aftgin) were
separated by SDS-PAGE using 10% gels under dematocmditions
and transferred to nitrocellulose membrane for 90 using 400 MmA
current. The membranes were blocked for 1 h with (8%) nonfat
powered milk in TBS-T (10 mM Tris, 150 mM NacCl, 8% Tween-20,
pH 7.5). Membranes were then washed three timds T8IS (10 mM
Tris, 150 mM NaCl, pH7.5) and incubated with prignantibody. For
Hsp detection, rabbit polyclonal antibody SPA-803.:10000)
(StressGen), anti-insect Hsp60, and mouse mondcéotidnody AC88
(1:2000) (Calbiochem), anti-mouse Hsp90, were ussd primary
antibodies. NA934 (1:1000) donkey anti-rabbit Ig&rgxidase-linked
(Amersham) and NA931 (1:1000) sheep anti-mouse pg@xidase-
linked (Amersham) were used as the secondary aitibar detecting
both isoforms. Because only one immunoreactive lveaslobserved on
the western blots for both antibodies, a dot-blotcpdure was used for
quantification of samples. A Bio-Dot® Microfiltratn Apparatus (Bio-
Rad) provided a reproducible method for binding lgspteins onto the
nitrocellulose membranes. Immunodetection of HsalB® Hsp90 were
completed on the membrane in an identical manndretavestern blots.
Immunoblotting was developed using the enhancechithiminescence
(ECL) system (Amersham, Sao Paulo) and Hsp60 ap8Msxpression
was quantified by densitometric analysis of the umoreactive bands
using the Scion Image® software.
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Lipid peroxidation (LPO)

Oxidative stress damage was measured in term@iehpleroxidation
determination (LPO), according to Hermes-Lima et (4995) with
minor modifications. Cumene hydroperoxide was wased standard.

Statistical analysis

Differences in mean values were analyzed by oneANM@VA
followed by complementary Tukey test with significe level
established gv<0.05. Normality (Shapiro-Wilks test) and homogénei
of variances assumptions were previously checkexdttl@®t’'s test) and
logarithmic transformation was applied when neagsg¢dar, 1999).
Outliers were excluded according to the Grubbs. td3tarson
Correlation matrix was also calculated to study tdationships
between the biochemical biomarkers measured. ttatianalyses were
performed with the software GraphPad 5.0.

A principal component analysis (PCA) on correlatinatrix was
used to explore and describe the relationship lEiwke biochemical
biomarkers and the concentration of WAF for eacsug separately.
PCA was applied on the media of all samples fotheaiochemical
response and treatment. The data was previouslydogformed (log:1;)
and the analyses were performed with the softw&&@CO 4.5.

Results
Aliphatic and polycyclic aromatic hydrocarbon contrations

Aliphatic and polycyclic aromatic hydrocarbon conirations
were determined in the whole soft tissues of ogsterm both control
and diesel WAF exposed groups. The concentratibmlifferent types
of aliphatic hydrocarbons, totatalkanes and isoprenoids (pristane and
phytane), and total aliphatic hydrocarboh#lkl) are shown in Table 1.
The ZAH levels varied among experimental groups, randiogn 43.8
ug.g" in the control group to 292 ug'dn the 20% diesel WAF group.
Oysters from the control group accumulated onlygbiuc n-alkanes,
characteristic of both phytoplankton 1§ C,;e and G7) and superior
plants (Gs-Cs3) (data not shown). In oysters exposed to dieseF\WA
alkanes from both biogenic and petrogenic sourcare wetected (data
not shown). Oysters exposed to diesel presentedat&® rof
pristane/phytane ranged from 1.5 to 2.5 (Tablevadlyes similar to the
diesel WAF itself used in the exposures (data rnwws). The
unresolved complex mixture (UCM) levels were alstedmined in the
oysters (Table 1). The UCM is an indicator of pg&wic sources and is
composed by both ramified and cyclic aliphatic logdirbons (Readman
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et al.,, 2002). UCM levels were above the detecliaits only in the
exposed groups, where oysters from 2.5%, 5%, 10862886 diesel
WAF accumulated 56.2 ug'g98.3 ug.d, 64.5 ug.gd and 201 ugd,

respectively (Table 1).

The levels of individual and total polycyclic arotica
hydrocarbons XPAH) accumulated in the oysters are summarized in
Table 2. TheXPAH concentrations increased in a concentration-
dependent manner along the experimental range, Z6nug.¢' in the
control group to 115 pglgin the 20% diesel WAF group (Table 2).
Oysters exposed to diesel WAF accumulated onlyrnmecular weight
PAHs, with 2 or 3 aromatic rings, the most watetulsie PAHSs.
Individual parental PAH determination showed thaiphbnyl,
acenaphthene, fluorene, phenanthrene, anthrackr@arfthene and
pyrene were detected in all the exposed groups l€T&h, with
phenanthrene being the most abundant, accountin@®.i@o of total
PAHs. Among the non-parental PAHs, the sum of
trimethylnaphthalenes  (52.5%), followed by the surof
dimethylnaphthalenes (26.7%) were the most abunddnall the
accumulated PAHSs.

Table 1.Aliphatic hydrocarbons levels (uggon a wet weight basis
detected in whole soft tissues of oysters from loottitrol and diesel
WAF exposed groups.

2.5% 5% 10% 20%

Contol \wAF  WAF  WAF  WAF
Pristane 0.174 0.320 0.374 0.72 1.84
Phytane <0.085 0.139 0.255 0.40 1.15
Pristane/phytane ND 2.3 15 1.8 1.6
Total n-alkanes 1.5 2.2 2.9 3.4 9.9
UCM <5.34 56.2 98.3 64.5 201
>AH 43.8 95.9 154 119 292

UCM, unresolved complex mixturezAH, total aliphatic hydrocarbons;
ND, not detected.



60

Table 2. Aromatic hydrocarbons levels (ng)gon a wet weight basis
detected in whole soft tissues of oysters from lmathtrol and diesel

WAF exposed groups.

Control 2.5% 5% 10% 20%

WAF WAF WAF WAF

Ymethylnaphthalene 62.9 1053 279 11¢ 4446
Biphenyl 39.8 152 145 373 1273
Yethylnaphthalene <4.71 213 391 11C 3494
>dimethylnaphthalene 92.4 1738 3441 10,¢ 33,364
Acenaphtene 21.9 534 109 320 862
Strimethylnaphthalene 1404 2164 10,386 27,0 57,751
Fluorene 147 114 303 872 2005
Dibenzothiophene 54.0 21.6 68.0 167 444
Phenanthrene 14.4 226 598 167 4350
Anthracene <3.46 8.30 31.4 73.. 150
Ymethyldibenzothiophene  4.56 29.7 162 33 663
>dimethylphenantrene <5.85 228 1253 28. 5553
Fluoranthene <2.45 9.40 41.1 77. 148
Pyrene <5.08 19.0 92.5 18¢ 369
Benz[a]anthracene <352 <352 <352 <3. <352
Chrysene <7.04 <7.04 <7.04 <7.C <7.04
Benzolb]fluoranthene <253 <253 <253 <2.! <253
Benzolk]fluorantene <240 <240 <240 <2. <2.40
Benzol[e]pyrene <256 <256 <256 <2.! <2.56
Benzo[a]pyrene <2.03 <2.03 <2.03 <2.( <2.03
Perylene <1.21 <1.21 <121 <1z <1.21
Indeno [1,2,3-cd]pyrene <141 <141 <141 <1. <141
Dibenzo[ah]anthracene <256 <256 <256 <2 <2.56
Benzo(ghi)perylene <10.3 <10.3 <10.3 <1C <10.3
>PAH 2596 6029 17,301 47,15 114,872

>PAH, total polycyclic aliphatic hydrocarbons.

Biochemical biomarkers

Fig. 1 presents the activity of antioxidant enzynmethe gill and
digestive gland of oysters exposed
concentrations. Antioxidant enzymes SOD, CAT and GRowed the

to different selie WAF
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same pattern of response in both tissues. SOD itgcshowed a
decreasing trend response with a significant diffee in oysters
exposed to 20% WAF compared to contral fg= 3.171;p<0.05 for
gill and Ra51y= 2.941;p<0.05 for digestive gland] (Fig. 1A). Unlike the
SOD activity, the levels of CAT and GPx activityddiot differ between
the experimental and control groupp>Q.05) (Figs. 1B and 1C,
respectively).

A Superoxide dismutase (SOD) B Catalase (CAT)
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Figure 1. Superoxide dismutase (SOD) (A), catalase (CAT)gRJ glutathione
peroxidase (GPx) (C) enzymes activity in the gilladigestive gland (dig gd)
of the mangrove oyste€rassostrea brasilianaexposed for 96 h to four
concentrations (2.5%, 5%, 10% and 20%) of diesel fvater-accommodated
fraction (diesel WAF), or seawater as the controlug. Data are presented as
mean + S.D.r(= 9 — 12 animals per group). Statistical analygs performed
by one-way ANOVA followed by Tukey's post hoc arsily *p<0.05 when
compared the diesel WAF exposed groups to the @idioira given tissue.

Ancillary enzyme GR presented a distinct patterriwben
tissues. GR activity differed among experimentabugs only in
digestive gland with significantly higher activiien oysters exposed to
5%, 10% and 20% diesel WAF when compared to théralojfr4 s1) =
11.52;p<0.001] (Fig. 2A). G6PDH however, did not differ ang the
experiment groups in both tissugs0.05) (Fig. 2B).
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GGT activity also presented a different responsdtepa
regarding the tissues. In gills, GGT activity wagfficantly induced in
oysters exposed to 2.5% and 20% WAF. In digestilendy no
significant differences were observgub(.05) (Fig. 2C). GST activity
was significantly higher in the digestive glandsoykters exposed to
10% and 20% diesel WAF than the control f = 4.532;p<0.001]
(Fig. 2D). In gills, GST activity remained unchadg® the exposed
oysters compared to unexposed ompe® 05) (Fig. 2D).
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Figure 2. Glutathione reductase (GR) (A), glucose-6-phospHateydrogenase
(G6PDH) (B), y-glutamyl transpeptidase (GGT) (C) and glutathioSe
transferase (GST) (D) enzymes activity in the gild digestive gland (dig gd)
of the mangrove oyste€Crassostrea brasilianaexposed for 96 h to four
concentrations (2.5%, 5%, 10% and 20%) of diesel fwater-accommodated
fraction (diesel WAF), or seawater as the controlug. Data are presented as
mean + S.D.r(= 9 — 12 animals per group). Statistical analygs performed
by one-way ANOVA followed by Tukey's post hoc arsily *p<0.05;
**p<0.01;** p<0.001 when compared the diesel WAF exposed grtupise
control for a given tissue.

The immunocontent of Hsp60, Hsp90 and the leveldipid
peroxidation in both gill and digestive gland ar@wn in Figs. 3A, 3B
and 3C, respectively. Hsp60 levels of gill werengfigantly higher in
the 2.5% and 20% groups, when compared to corfggls] = 6.098;
p<0.001]. In the digestive gland however, the Hsjgd@ls were similar
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among all the experimental groups>0.05) (Fig. 3A). Opposite to
Hsp60, the levels of Hsp90 exhibited similar trebdtveen tissues and
were significantly lower in exposed groups compacedontrol [Fs s1)=
7.733;p<0.001 for gill and f 52y = 5.979;p<0.001 for digestive gland]
(Fig. 3B).
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Figure 3. Immunocontent of heat-shock proteins Hsp60 (A) Esg90 (B) and
lipid peroxidation levels (C)n the gill and digestive gland (dig gd) of the
mangrove oysteCrassostrea brasilianaxposed for 96 h to four concentrations
(2.5%, 5%, 10% and 20%) of diesel fuel water-acconfated fraction (diesel
WAF), or seawater as the control group. Data aeegnted as mean + S.D.X

9 — 12 animals per group). Statistical analysis wagormed by one-way
ANOVA followed by Tukey's post hoc analysis.p£0.05; **p<0.01;
*** n<0.001 when compared the diesel WAF exposed grmuftee control for a
given tissue.

Significant correlations between the investigatiedriarkers were
found in both tissues. In gill, CAT activity was gively correlated
with SOD (r = 0.45p<0.001), GPx (r = 0.4(0p<0.01), GR (r = 0.60;
p<0.01) and G6PDH (r = 0.68<0.001) activities. In the same tissue,
GST was positively correlated with GR (r = 0.48;0.01) and GPx
activities (r = 0.61;p<0.01). Significant negative correlations were
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found among LPO levels and GPx (r = -0.880.05) and GST activity
(r = -0.28,p<0.05) and Hsp6O levels (r = -0.38;0.05) in the gill.

In digestive gland a positive correlation was folbetween GST and
GR activities (r = 0.76p<0.001), which was also correlated with GPx (r
= 0.62; p<0.001). Significant negative correlations were ntifeed
among Hsp90 and GR (r = -0.4%0.01), GST (r = -0.489<0.01) and
G6PDH (r = -0.32;p<0.05) activities. LPO levels were negatively
correlated with GR activity (r = -0.49<0.01) and positively correlated
with Hsp90 (r = 0.40p<0.01).

Relationship between aliphatic and polycyclic artiméydrocarbons
concentrations and biochemical parameters

The relationship between aliphatic and polycyclimnaatic
hydrocarbons accumulated in oyster whole soft éissaand the
biochemical parameters either in the gill or in thgestive gland o€.
brasilianawas assessed by principal components analysis }(F&A 4
presents the PCA ordination output for both tisqlr@s. 4A for gill and
Fig. 4B for digestive gland).

From the gill plot, the two main components expai®2.3% of
the total variation. Component 1 explained 66.7%ilevcomponent 2
explained 25.6%. The ordination diagram presentetear difference
between treatments along component 1. The bioclaémigrameters
Hsp60 levels, GST and GGT activities showed a pesitorrelation
with component 1, which were higher in the highdssel WAF
concentration (20%) (Fig. 4A). On the other harelghme figure shows
that the contents of Hsp90 and LPO together wighattivities of SOD
and CAT presented a negative correlation in compbhgbeing higher
in control and lower in 20% diesel WAF concentrati€omponent 2
was positively correlated with G6PDH and GPx atigg, which were
higher in the 2.5% diesel WAF concentration (Fig).4

From the digestive gland plot (Fig. 4B), the two ima
components explained 90.6% of total variation, wheomponent 1
explained 78.2% and component 2 explained 12.4%milar pattern to
the gill plot was noted in the digestive gland pleith a clear
relationship between treatments and component & Hibchemical
parameters that showed a positive correlation witmponent 1 were
mainly GR, GST and GPx activities, which were higire the 20%
diesel WAF concentration (Fig. 4B). A negative etation with
component 1 was observed mainly to SOD activity laR@ and Hsp90
levels that were higher in the control treatmerdmPonent 2 showed a
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positive correlation with CAT activity and Hsp60véds, which were
higher in the 10% diesel WAF concentration (Fig).4B

2la G6PDH ©2.5% diesel WAF 2l © 10% diesel WAF

Hsp60

PC2 (25.6%)
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Figure 4. Biplot from principal components analysis (PCA)atif biochemical
parameters related to the diesel WAF exposure th bl (A) and digestive
gland (B). In gill, the first axis explained 66.786 overall variation and the
second 25.6%. In digestive gland, the first axipl@xed 78.2% of overall
variation and the second 12.4%.

Discussion

Oysters accumulated both aliphatic and aromaticdoatbons in
a concentration-dependent manner reaching largeesah the highest
diesel WAF concentration (20%). Such an increafleats their ability
to bioaccumulate petrogenic hydrocarbons as prelyoreported in
Crassostrea virginicgNorefia-Barroso et al., 1999; Sanders, 1995) and
Crassostrea gigafBado-Nilles et al., 2010). Bivalves accumulate BAH
directly from the water-phase and food, and theawisms readily
accumulate the more-soluble PAHs than the lesdkoland heavier
PAHs (Neff, 2002). In fact, the total PAHs accuntethin oyster tissues
were mostly due to the uptake of the 2 ring PAH -parental
naphthalene and the 3 ring PAHs phenanthrene. CEmisbe explained
by the increase df,,, of the alkyl PAHs, which is also often associated
with an increased trend to bioaccumulate when coedpdo parent
compound PAHs (Irwin et al.,, 1997). Thus, the acglation of low
molecular weights PAHs reflects not only the cheahitature of diesel
fuel itself, but also the uptake pathway for hydmson accumulation by
C. brasiliana
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The production of contaminant-stimulated reactiveygen
species (ROS) and their resulting oxidative damseems to be the
main mechanism of petroleum PAHSs toxicity in marealves (Banni
et al., 2010; Bebbiano and Barreira, 2009; Frouial.e 2007). To cope
with this pro-oxidative challenge, bivalves genlgrglroduce increased
SOD activity as the first line of enzymatic antidant defense (Ansaldo
et al.,, 2005; Cheung et al.,, 2004; Lima et al., JOHowever, this
inducibility should not be considered as a geneudd since results
have not always been consistent and no-effect aredsed SOD
activity has been reported in mollusks exposed neirenmental
stressors (Cossu et al., 1997; Livingstone, 20Gje¢ar et al., 2008).
Indeed, in the present study SOD activity of gilldadigestive gland
decreased with a marked difference in the highassetl WAF
concentration. According to Escobar et al. (1988)D activity can be
inhibited by ROS, which could be a part of the digsxicity response
in C. brasiliana

CAT and GPx are known to serve as protective resgeormnio
scavenge the generation of ROS and enhanced edtivépresent an
important adaptation to pollutant-induced streske{thg et al., 2001,
Cossu et al., 1997; Richardson et al., 2008). Hewethe results
obtained here show that diesel WAF did not elioé &xpected effects
on these enzymes in both tissues. Although nosstally significant,
CAT activity in the gill followed the same decredseOD activity trend
for the highest diesel WAF concentration. This lesifers evidence
toward the functional linkage between SOD and Cwfhich is further
supported by the positive correlation found betwdeir activities in
the gill. On the other hand, digestive gland CAT™ &Px activities of
both tissues remained unchanged regardless thel dieacentration.
Absence of induction of CAT and GPx activities hmsviously been
reported in the muss#lytilus galloprovincialisexposed to B[a]P for 72
hours (Banni et al., 2010) anBerna viridis treated with mercury
chloride for 15 d (Verlecar et al., 2008). On thes hand, GPx had
already been found to be a susceptible antioxidtarthe freshwater
bivalve Unio tumidusexposed to environmental contaminants (Cossu et
al., 1997) and is considered an efficient protecénzyme against lipid
peroxidation in aquatic organisms (Winston and DOuli@, 1991).
Together these results suggest that (i) despitel¢sesase in SOD and
CAT activities together with the unchanged actiwfyGPx, antioxidant
systems ofC. brasiliana remained active enough to prevent lipid
peroxidation and (ii) the oysters also used othppr@aches than
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enzymatic antioxidants to cope with the toxic dagle in consequence
to accumulated hydrocarbons.

GST activity was significantly increased in digestigland of
oysters exposed to diesel WAF. GST is involved rage Il of the
biotransformation process by conjugating reducedhtitione (GSH) to
different electrophilic compounds leading to thaetoxification (Storey,
1996). GST is also thought to play a peroxidaséviggt exerting a
significant supplementary antioxidant role in thell Barata et al.,
2005; Bebianno and Barreira, 2009), and previougdiss have
associated its induction to petroleum exposurenalbes (Banni et al.,
2010; Boutet et al., 2004; Lima et al., 2007; Sitaal., 2005; Solé et
al., 2007). From the data obtained in this studgppears clear that GST
activity of the digestive gland was effective irepenting damage on
lipid membranes of exposed oysters, verified a$ diycthe unchanged
LPO levels. A significant negative correlation betém GST and LPO
was also found in the gill, reinforcing the protegtrole of GST inC.
brasilianafollowing diesel exposure.

This putative GST protection could be mediatedHzyitcreased
GR activity seen in the digestive gland of exposgdters. GR is a
NADPH-dependent enzyme that plays an essential inlethe
maintenance of GST activity through the regenemattb GSH from
GSSG (Verlecar et al., 2008). Hence, GR inductiecomes important
during stress conditions, which is seen here throtige significant
positive correlation between GR and GST activitieboth the gill and
digestive gland. This finding is consistent witleeat reports carried out
with mussels challenged with PAHs and other pafitegAkcha et al.,
2000; Gamble et al., 1995; Porte et al., 1991; Sé&inal., 2010),
indicating that GR activity, along with GST, coule sensitive
indicators of hydrocarbon exposure@n brasiliana However, to keep
GR activity, a constant NADPH-generating capacstydquired within
the cell. Such a feature can be achieved by theitgodf G6PDH, an
ancillary enzyme of the antioxidant defense systBainy et al., 1996).
Although G6PDH activity did not differ among the peximental
groups, a significant positive correlation was fouretween G6PDH
and GST and GR activities in both tissues, sugygdfiat G6PDH,
together with GR, is involved in the maintenancerefuced GSH
levels, which in turn is used as substrate by GR&iefz et al., 2010).

GGT activity was the only enzyme of the glutathiggethway
induced in the gills following the diesel WAF expos. GGT is
important for oxidant-challenged cells to mainttie intracellular GSH
concentration, and an increase in such activity negyesent a higher
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availability of cysteine residues to GSH formati@nu et al., 1998).
GSH comprises the main non-protein antioxidant ke against
oxidative injuries (Farid et al., 2009; Halliwelh@ Gutteridge, 2007;
Hannam et al., 2010), and from the data obtainetthigstudy we can
hypothesize that the enhanced GGT activity kept dbBular redox
balance in the gill of oysters exposed to dieselFRiVAhe enhanced gill
GGT activity together with the unchanged GR and G&Tivities
suggests that oyster tissues differ in the maimemaof intracellular
GSH levels.

Diesel fuel WAF was also able to induce a signifidacrease of
Hsp60 immunocontent in the gill. Although poorlydenstood in marine
invertebrates in terms of pollutant response, Hsggthought to be
strongly induced by petroleum hydrocarbons (Snyeeral., 2001;
Wheelock et al., 2002), as previously observed bwiis et al. (2001),
Oberddrster et al. (1999) and Wolfe et al. (1988fferential expression
of Hsp60 in response to diesel WAF indicates aiqadr physiological
condition for the mitochondria. According to Dowes$ al. (2001),
Hsp60 is a biomarker for the rate of protein mitmudfrial turnover,
which is expected to be higher under cellular sirespecially in the
presence of ROS. Increased levels of Hsp60 sugtpest protein
denaturation, protein import and synthesis incré¢asethe gill cells of
exposed oysters. Moreover, these data indicatetlleastress response
of oysters in terms of Hsp60 induction in gill isagid reaction to short
term events whereas hepatic tissues require thenmadation of
proteotoxic chemicals following chronic exposuregls as observed in
fish (Triebskorn et al., 2002; Webb and Gagnon,920Blence, Hsp60
induction seems to be an adaptive mechanism of tikésie against
diesel generated toxicity, and is suggested assitse biomarker for
mitochondrial protein turnover iI€. brasilianawhen the stressor is
diesel fuel.

Inversely, diesel fuel lead to a significant cortcation-
dependent inhibition of Hsp90 levels in both tissueith a marked
response in the digestive gland. This was a sumgrigsult in our work,
since Hsp90 is a ubiquitous multifunctional chapers¢hat is involved
in protein folding, cytoprotection, as well as immber of cellular
regulatory pathways following a stressor challerigeet al., 2009).
Based on our data, we can speculate that diesel Whibited the
synthesis of Hsp90 by some alteration on a traotonal or
translational level, or by the inhibition of thegsal-transduction
cascade for induction of Hsp90 (Downs et al., 200A)reover, we
cannot discount the idea that the cells from bdttagd digestive gland
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are protected by the action of the remaining Hsp®®ther proteins,
precluding the need for protein chaperoning indyteplasm.

Our results also corroborate the different mechasis mollusk
tissues that cope with the stress from hydrocarlexpesure (Banni et
al., 2010). According to the PCA results, the gild digestive gland of
C. brasilianashow some differences in terms of biochemical sasp
when exposed to diesel fuel WAF. The differencémstego the putative
regulation of the glutathione pathway, which inl gil is achieved
through an induced GGT activity, and in digestiviend through
enhanced GR activity. Moreover, gill and digestgland also differ
regarding the chaperone role and the phase lldnistormation process,
shown here as Hsp60 levels and GST activity. Régssdhe tissue,
PCA also showed that 20% diesel WAF was indeedctmeentration
with more influence on the biochemical responsesited in C.
brasilianaafter 96 h of exposure.

Conclusions

In conclusion, the mangrove oyster brasilianaexposed to four
sublethal concentrations of diesel fuel water acoocdeated fraction
(WAF) is able to bioaccumulate both aliphatic andonaatic
hydrocarbons in a concentration-dependent mannarsinmort period of
time. In this process, toxic effects were idendifien terms of
biochemical biomarkers responses, which lead toirmluction of
protective phase Il and ancillary enzymes GST aml it digestive
gland, and an elevation of Hsp60 levels and GGivigcin gill tissue.
The results indicate that oyster's tissues handierdntly during a
chemical exposure, which might reflect the differes in the
mechanism in which the tissues cope to the stidssgill seemed to be
a target tissue for short-term events while theslige gland may be of
greater value to determine the oyster's stressomsgpunder chronic
exposure to stressors in its environment. Moreaes, study provided
evidence towards the suitability of using a sepuotative biochemical
biomarkers in the oysté®. brasilianafor the monitoring of oil and gas
activities in Brazil.
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Abstract

Diesel fuel can cause adverse effects in marineriebrates by
mechanisms that are not clearly understood. Thécast used
suppressive subtractive hybridization (SSH) to tdgngenes up-
and down-regulated irCrassostrea brasilianaexposed to diesel
fuel. Genes putatively involved in protein regubsti innate
immune, and stress response, were altered by digsalenge.
Three genes regulated by diesel were validateduaygtative real-
time polymerase chain reaction (qPCR). This stuldgds light on
transcriptomic responses of oysters to diesel pioltu
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Abstract

Background Although bivalves are among the most studied aguat
organisms due to their ecological role, economipdrtance and use as
bioindicators in pollution biomonitoring, very It information is
available on their genome sequences. This studgrtephede novo
transcriptome sequencing using 454 GS-FLX fromgileand digestive
gland of the tropical oyste€rassostrea brasilianachallenged with
environmental contaminants. The transcriptomic sages should be
useful for gene discovery, and to help to elucidae mechanism of
toxicity of petroleum by-products and domestic sgava

Results Using 454 pyrosequencing, we obtained a total 28,201
reads consisting in 96,582,549 bp, which waeenovoassembled into
20,938 contigs, with an average size of 575 bpesgmting a dramatic
expansion of existing cDNA sequences availableCfdorasiliana.Blast
searching of non-redundant public databases retur01 significant
matches to Eukaryotic proteins. In depth analysih® data revealed an
extensive catalogue of the xenobiotics biotransédion system and the
major antioxidant proteins. An initial assessmehputative genes of
ecotoxicology interest allowed us to identify 41 EA60s, 26 GSTs, 8
SULTs, 9 MRPs and 28 genes putatively involvedhe antioxidant
defence.

Conclusions We show that second-generation sequencing proaded
inedited and reliable reference transcriptome afoa-model species.
This resource provides clues to the identificatiof potential
biotransformation and antioxidant genes involvedhie detoxification
of environmental contaminants Gf brasiliang and lays the foundation
for future functional genomics studies.

Background

The mangrove oystersCrassostrea brasiliana are commonly
distributed along the Brazilian coast where thewypla relevant
economic and ecological role. Oysters, as othealbé molluscs, are
sessile, filter feeders, accumulate various watertaminants in their
tissues and may be considered as an ideal biotodi¢ar pollution
monitoring in coastal waters in many areas of tieldv(Bado-Nilles et
al., 2010). However, such as for other Ostreidaeisg, there are many
aspects of their biology which require elucidatidtar instance, the
endpoints used for monitoring effects are base& @mall nhumber of
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biomarkers which have their origins in human tology and are not
bivalve-specific (Forbes et al., 2006).

In view of the ecological and economical importamfeysters to
the coastal areas, understanding their biology,cepitbility to
pollutants and differential stress resistance hasolme an important
issue for modern ecotoxicology. In particular, gei® resources such
as genome or transcriptome sequences would malsibfeostudies to
address these processes. However, genomic datakdedior oysters
are limited (Tanguy et al., 2008), and recentlyussge-based strategies
have been developed for transcriptome studies. Agntloem, Expressed
Sequence Tags (ESTs) sequencing programs havenptovée an
effective method for gene discovery and have beg&felyw used for
initiating genomic research in non-model and uninder- annotated
organisms such as oysters (Fleury et al., 2009gUaret al., 2008;
Wang and Guo, 2007). ESTs collections provide imfmion on the
part of the genome that is expressed and can hmblal for genome
annotation and analysis, discovery of single nualegpolymorphisms
(SNPs), and expression studies (Joubert et al.0)20However,
genomic sequences resources availabl€fdsrasilianaare extremely
limited.

Traditionally, ESTs projects dfrassostreasp. have been based on
classical cloning and Sanger sequencing stratebigshbecause next-
generation sequencing technologies provide muchenighroughput
than Sanger sequencing at a lower cost (EkblomGalthdo, 2011),
these new technologies have been showed greattipbfen expanding
sequence database of bivalves and other non-mpeeies i.e. Clark et
al., 2010; Craft et al., 2010; Hou et al., 2011yhkt et al., 2010; Meyer
et al., 2009). For those organisms where the gerdateeis limited, the
454 pyrosequencing platform is most frequently usedlonger reads
are generated and then are more amenable to fuatirestation and
analysis (Kumar and Blaxter, 2010).

With the aim of increasing the genomic resourcegte mangrove
oyster C. brasiliang we performed the firste novotranscriptome
pyrosequencing for this species. More specificdlig, objectives of this
study are to discover genes that encode enzymasialy involved in
the biotransformation of xenobiotics and strespaase in the oystet.
brasiliana exposed to three different environmental contanigia
phenanthrene, diesel fuel water-accommodated dracfivVAF) and
domestic sewage. The rational for selecting thasgarninants in this
study lies in their prevalence in aquatic environte@and importance as
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chemical models for ecotoxicological studies. Phém&ne, a 3-ring
compound included in the US-EPA priority pollutdist, is one of the
most abundant PAHs in the aquatic environment essalt of human
activities (US EPA, 2009). This lipophilic and lomolecular weight

PAH can be easily taken up by aquatic organismivé@ et al., 2007),
with a greater bioaccumulation rate in bivalve medls (Hannam et al.,
2010). In contrast, diesel WAF comprises a modet&mplex mixtures
derived from petroleum industry activities. Dieedl is one of the most
common aquatic contaminants which has recently bbewed to exert
biochemical effects and bioaccumulation trends Gn brasiliana

(Lichmann et al., 2011). Furthermore, domestic gewaas chosen
based on the high inputs of untreated sewage digehan coastal
ecosystems around the world and its effects orst¢rgstional levels of
oysters (Medeiros et al., 2008).

C. brasilianawas challenged to each contaminant separately and
total RNA was extracted from the gill and digestgland. Libraries of
cDNA were constructed from total RNA and non-notized libraries
were sequenced using the 454 GS-FLX platform. Tdrestriptome was
assembled using the pool of sequencing data fréroDMA libraries
and resulting contigs were annotated given rais¢he¢ofirst de novo
transcriptome for the mangrove oyster brasiliana Sequences were
screened to identify relevant genes involved intttotéransformation of
xenobiotics and associated antioxidant defenceul®edemonstrated
the capability of using 454 sequencing data totiflegenes of interest
on a non-model species with promising relevance efootoxicology
studies and aquatic monitoring programs.

Materials and methods
Oyster collection and chemical exposures

Specimens of the mangrove oyst€r, brasiliang of similar shell
length (5-8 cm), were obtained from an oyster fagnarea at the
Marine Mollusks Laboratory, Federal University ofrfia Catarina,
Floriandpolis, southern Brazil, and were immediatehnsported to the
University laboratory where they were maintainedha aerated tanks
with 0.45um filtered seawater at 21 °C and 25 ppt. Oystere vied on
microalgae Chaetoceros muellei@nd Isochrysissp.) twice a day at a
density of 3.3 x 1Dcels.mL* and 2.2 x 1Bcels.mL?, respectively, and
water was changed daily for at least 7 days foliraatization prior to
the exposure experiments. Oysters were then randdialded into
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glass exposure tanks and held fasting for 24 hpoweos to the chemical
exposures at the same previous seawater conditioms. exposure
experiments to diesel fuel water-accommodated itmact(WAF),
phenanthrene (PHE) and domestic sewage were cawieith different
occasions but the oysters were supplied from theedarood stock of
the same mollusc culture facility, and were suleditto the same
acclimatization process as described above.

Groups of 10 oysters were exposed for 24 and 219% of diesel
fuel diesel WAF (v/v), with seawater used as thetid group. Diesel
fuel was purchased at a Petrobras petrol statidiVéAF was obtained
according to Singer et al. (2000) with minor mazhfions. Briefly, one
part (1 L) of fresh diesel fuel was diluted witmeiparts (9 L) of the
0.45 um filtered seawater (salinity 25 ppt) in a sealddL1glass flask
protected from light, in order to minimize evap@atand degradation
of the fuel components. The diesel-water mixture wi@red for 23 h
with the homogenizer Glas-Col (LLC) using a ste@ldified pestle at
1600 rpm at a constant temperature of 21 °C. Thdune was then
made to stand for 1 h before the lower layer ofewétiesel WAF) was
transferred into the aquaria. The 10% diesel WAE pr&pared through
dilution of the WAF with the control seawater. Tén@mals were not fed
during the whole exposure period and the experimeastcarried out in
duplicate. No mortality was observed in both thetod and treated
groups. The diesel WAF concentration was choseedoas previous
results of biochemical biomarkers measure@.itrasiliana(Lichmann
etal., 2011).

Phenanthrene (PHE) (Sigma-Aldrich, P1140-9) wes filissolved
in dimethyl sulfoxide (DMSO) and then added 045 filtered seawater
(salinity 25 ppt) to achieve a final nominal PHEhcentration of 1000
ug.L™, equivalent to 5.6 pM, and a final DMSO conceitrapf 0.01%
(v/v). Oysters were transferred to glass tanks Wwhiere covered to
avoid evaporation of PHE. Oysters were expose@4on and were not
fed during the exposure period. Control was carpet at the same
condition except for introducing 0.01% (v/v) DMS@ly No mortality
was observed in both the control and treated grolips sublethal PHE
concentration was chosen based on realistic envieotal
concentrations found nearby petroleum exploraticea gAnyakora et
al., 2005).

Sewage exposure was performed according to Mededtosl.
(2008) with minor modifications. Briefly, domestisewage was
collected at the influent duct of the downtown \easiter treatment
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plant (Florian6polis, southern Brazil) after sofithterial grid removal,
and diluted to 33% (v/v) using 0.48n filtered seawater (salinity 25
ppt). Oysters were placed in glass tanks, wherechieenical challenge
took place. Exposure was carried out for 24 h ayslens were not fed
during the exposure period. Control was carried autthe same
condition. No mortality was observed in both thentool and treated
groups.

After chemical exposures, twelve oysters from diésel WAF and
phenanthrene experiments, and seven from the dmamesivage
exposure were sacrificed and the gill and digestgland were
immediately excised, flash frozen in liquid nitrogend stored at -80 °C
until further analysis. Total RNA used for the aohtgroup was
extracted from three oysters of each control graged in the
experiments cited before totalizing twelve animals.

Total RNA isolation and preparation of cDNA librasi

Total RNA from gill and digestive gland of each twyswas
individually isolated using TRIzol reagent (Invigren, UK) and purified
with the NucleospirRNA 1l Total RNA Isolation Kit (AbGene, UK)
following the supplier’s protocol with minor modiftions. Briefly, 50 —
100 mg of each tissue was mechanically disruptetienpresence of 1
mL TRIzol using a homogenizer (Tissue-Tearor, BeSgroducts).
TRIzol protocol was strictly followed until achiewbe upper aqueous
phase, where 200 pL was transferred to a new tabeori-column
precipitation using the NucleospRNA |l Total RNA Isolation Kit
(AbGene, UK). RNA was then eluted in 60 pL of RN&se water. The
residual genomic DNA contamination was removed rduithe RNA
cleanup using the DNase | digestion as instructethb manufacturer
(AbGene, UK). The integrity of the purified totaNR was assessed
using formaldehyde agarose gel electrophoresis RN quantity was
determined by NanoDrop ND-1000 spectrophotometeheifio
Scientific, UK).

Equal quantities of purified total RNA were poolatb 10 samples:
gill control, digestive gland control, gill dies®VAF 24 h, digestive
gland diesel WAF 24 h, gill diesel WAF 72 h, digestgland diesel
WAF 72 h, gill phenanthrene, digestive gland phémame, gill
sewage, and digestive gland sewage, and the poeits wsed for
synthesis of non-normalized full-length doubleisttad cDNA (ds-
cDNA). cDNA libraries were constructed for each plamusing the



97

SMARTer PCR cDNA Synthesis Kit (Clontech, Parisg@ding to the
manufacturer’'s instructions. Full-length ds-cDNAntdates were then
amplified by long-distance PCR using the Advant&)ePCR Kit

(Clontech, Paris). To ensure that the PCR produss not over
amplified, the optimal nhumber of PCR cycles wasdained according
to the manufacturer’'s guidelines, which was vedlifiey agarose gel
electrophoresis. The products were purified with ADNClean &

Concentrator™-5 Kit (Zymo Research, USA). The afigudi cDNA

libraries were verified for quality by microcapifia electrophoresis
(Agilent Bioanalyzer 2100, Agilent Technologies) damuantified
using NanoDrop ND-1000 spectrophotometer (Thermaergi€ic,

UK).

Transcriptome pyrosequencing

cDNA libraries obtained from the gill and digestigi&and of each
treatment were pooled into four samples based en titsue and
treatment: (1) gill and digestive gland control) (Il and digestive
gland sewage, (3) gill and digestive gland pherandy (4) gill and
digestive gland 24 h and 72 h diesel WAF. The tieeawere then
submitted to size-selection in a gel and cDNA fragta larger than 700
bp were sheared by nebulisation into smaller pi€668 — 700 bp) to
produce short, random fragments appropriate forstgfiencing. Each
library was sequenced twice (large and small fragg)eand MID tags
were used to enable subsequent identification z&-selected portions
from each library dataset. The eight tagged cDNB=alies (two for
each cDNA library) were then combined and pyrosaqged on the half
of a PicoTiter Plate using the 454 Genome SequeRL&r System
according to the manufacturers’ instructions  (454lR,
http:/lwww.454.com). Pyrosequencing was performgdhle Center for
Genomic Research at the University of Liverpool.

Sequence data analysis and assembly

The raw sequence data obtained from the four cDiNraries were
pooled and subject to filtering and trimming of SREer™ adaptors
for cDNA synthesis, primers, poly (A/T) tails andotential
contaminating vector sequences. Following the sszpi¢rimming and
size selection (>150 bp), the reads were assemisiad SeqMan NGen
v 3.0.4 (DNASTAR). Default parameters fide novoassembly of ‘454’
reads were used, except for two settings: the ‘Maich Percentage’
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was set to 80 (instead of 85) and minimum numbereatls to form a
consensus sequences, which was set to a minimah{in$tead of 10).
The first parameter represents the minimum pergentaf identity

required to join two sequences in the same comitythe second was
chosen in order to assemble low frequent readsgchwban represent
weakly transcribed genes.

Functional annotation

Following the de novoassembly, contigs and singletons were
compared to NCBI's non-redundant (nr) nucleotidgabase using
blastn E value threshold of 1f) to identify putative contamination by
ribosomal RNA, genomic DNA and mitochondrial DNAedgiences
that did not have blastn matches to the sequenitesd above were
aligned against the NCBI non-redundant (nr) prot#&tabase using
blastx algorithm, with a cutoff value of < 10. Both blastn and blastx
similarity searches were performed using Blast2GROPv.2.5.0
software (Conessa et al., 2005). Resulting top 1&8tb hits were fed
into Blast2GO in order to retrieve associated Geénwlogy (GO) terms
describing biological processes, molecular fun&jomand cellular
components. By using specific gene identifiers aodession numbers,
Blast2GO produces all GO annotations as well asesponding enzyme
commission numbers (EC) for sequences wittEaralue cut off set at
10°. InterPro terms were also obtained from InterPaoSat EBI,
converted and mergeld GOs using Blast2GO software. Finally, the
KEGG (Kyoto Encyclopedia of Genes and Genome) twtho (KO)
identifiers, or the K numbers, were generated ushmgy web-based
server KAAS (KEGG Automatic Annotation Server) (Mar et al.,
2007), resulting in the mapping of putative KEGGtabelic pathways
of C. brasiliana

Results and discussion
454 sequencing and de novo assembly of the oyatectiptome

We created 10 non-normalized cDNA libraries based RNA
extracted from the gill and digestive gland@fbrasilianaexposed to
three environmental contaminants: domestic sewatggnanthrene and
diesel fuel water-accommodated fraction (WAF), pusontrol group.
From these, four cDNA libraries were pooled basedhe tissue and
treatment, and were subjected to a single 454 G$-Rin. This
sequencing run yielded a total of 96,582,549 bgearfuence data, in
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the form of 399,291 raw reads with an average len§260 bp. After
cleaning the data and removing small reads (<150 aptotal of
246,514 reads were assembled into contiguous segsigftontigs),
and 152,777 reads were identified as singletoredgaot assembled
into contigs), which were excluded from further Bs&. An
overview of the sequencing and assembly procegzrasented in
Table 1.

Table 1. Summary statistics for 454 sequencing and asseffdsly
Crassostrea brasiliana

Total number of reads 399,291
Total bases 96,582,549
Total bases for assembly 4,205,453
Total number of assembled reads 246,514
Total number of contigs 20,938
Number of contigs with 2 reads 8,010
Number of contigs with > 2 reads 12,928
Total number of singletons 152,777

De novoassembly of the clean reads produced 20,938 contigs
ranging in size from 144 to 4,662 bp, with an agerkength of 575 bp.
10,260 contigs were greater than 500 bp (49.0%)wbich 1,556
(15.2%) were longer than 1 Kb, and 50% of the abssanbases were
incorporated into contigs greater than 911 bp (N5911 bp). These
results resembled the size distribution of contgserated from 454
reads reported in previous studies (Bettencouat.eP011; Fraser et al.
2011; Hou et al., 2011). The size distributionh## tontigs is shown in
Figure 1A. The average number of reads per condg %2 (range 2-
38,260 number of reads). 247 contigs comprised rtiae 100 reads,
with the largest contig of 4,462 bp comprising S@4juences. Only one
contig (860 bp in size) comprised more than 7,@@ls, containing the
most reads with 38,260 sequences. Nonethelesdertlgéh of contigs
was significantly correlated with the number of wegces assembled
into them (Figure 1B) (Pearson r = 0.53; n = 20;988 0.0001), as
expected for 454 reads (Parchman et al., 2010).
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Figure 1. Overview of theCrassostrea brasilianaranscriptome assembly. (A)
Frequency distribution of contig length. (B) Fregae distribution of the
number of reads assembled into contigs.

Functional annotation

One objective of this study was to assign hypotiaktiprotein
sequence and function to each EST. All contigs weel as queries to
search annotated protein databases and were assigreme description
and/or GO term using Blast2GO platform (G6tz et 2008). However,
we annotated our dataset by first searching the IN©B-redundant (nr)
nucleotide databases using blagtrnvélue threshold of 1) to identify
rRNA genes and mitochondrion sequences (searchs d@escription for
the exact word ‘mitochondrion’, referred here a®h). The rational
for selecting blastn algorithm for initial seardbsl in the absence of
blastx hits of most contigs with matches to rRNAge and mtDNA
(data not shown), which could lead to biases intypes of genes during
the annotation of th€. brasilianatranscriptome. Of 20,938 contigs,
127 had matches to rRNA genes and 90 to miDNA semse
representing 1.04% the entire contig dataset. Tapnity of the 217
contigs annotated using blastn corresponded toeoysRNA and
mtDNA, with 88.19% of rRNA genes and 98.89% of roftondrion
sequences matchingrassostreassp. sequences. Of the 127 contigs that
had matches to rRNA genes, 57 hiQtovirginica, 20 toC. gigasand 12
to C. brasiliana This result seems to represent the ESTs availafol
the Crassostreayenus at the NCBI database, which is dominate@ by
gigas sequences, followed b§. virginica representing 93.36% and
6.59%, respectively, of all ESTs for this genukely, of 90 contigs
with hit to mitochondrion sequences, 58 matche@ t@irginica, 26 to
C. hongkongensi® to C. gigas 1 toC. iredaleiand 1 toC. nippona
Besides representing the major availability of geiwosequences for
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these species, the results also show the relalivge crelationship
betweerC. brasilianato C. virginica, as previously reported by Melo et
al. (2010).

Excluding sequences with best blastn hits to rRNeneg and
mitochondrion sequences, 20,721 (98.96%) sequeness annotated
by searching the NCBI non-redundant (nr) proteitalase using blastx
(E value < 10F). A total of 7,466 contigs (36.04%) had significhiastx
matches. Of these, 7,401 were aligned to Eukarywmititeins, and 65
sequences hit to Prokaryotic and viruses protéi106), which were
excluded from theC. brasiliana transcriptome dataset. Contigs with
significant blastx hits corresponded to 6,015 uaigqucession numbers,
of which 542 were matched by multiple queries. Eh&ég2 subject
sequences were matched by 1,386 query sequencesS (riatched
queries per subject, on average). The average hleafjtannotated
contigs was 691 bp, while non-annotated contigsramesl 509 bp.
Nonetheless, longer contigs were more likely toehblastx matches to
the NCBI annotated protein databases; logisticession indicated that
contigs length was a significant explanatory vdealf the presence of
blastx match to the annotated protein databaspgsid.0024; intercept
= -1,997,p = <0.0001). 71.4% of our contigs over 1 kb in lénpad
blastx matches, whereas only 12.1% of contigs shidran 300 bp did.

The percentage of sequences ©f brasiliana with functional
annotation is consistent with the 30 to 40% valpleviously reported
for de novotranscriptome assemblies of non-model eukarydtessér
et al., 2011; Parchman et al., 2010; Vera et QD82 Interestingly, the
frequency of annotated contigs of the present si@®po) is higher
when compared to other non-model marine invertebrathich EST
collections have been recently sequenced (c.f. tR#%e blue mussel
Mytilus galloprovincialis (Craft et al., 2010), 17% in the Antarctic
bivalve Laternulla elliptica(Clark et al., 2010), 24% in the Manila clam,
Ruditapes philippinarum(Milan et al., 2011), 25% in the Kkrill
Euphausia superbé&Clark et al., 2011) and 28% in the Yesso scallop
Pactinopecten yessoendidou et al., 2011). This can be due to the
increased number of large scale transcriptome giojef non-model
organisms, which has resulted in higher availabitif sequences in
public databases for phylogenetically closely esdaspecies (Ekblom;
Galindo, 2011). In fact, taxa with the most matchese amphioxus
(Branchiostoma floridae 959 matches, 13%), acorn worm
(Saccoglossus kowalevskir85 matches, 11.1%), purple sea urchin
(Strongylocentrotus purpuratu817 matches, 4.5%), and Pacific oyster
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(Crassostrea gigas316 matches, 4.5%) (Figure 2). Nonetheless, among
the matches witlB. floridaeandS. kowalevskijionly 21 and 41 contigs,
respectively, corresponded to known proteins, ahe temaining
sequences were related to hypothetical or predigiteins. The
similarity of blastx results with those speciegHier supports their close
evolutionary relationship with molluscs (Eirin-L&peet al., 2008;
Putnam et al., 2008).
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Figure 2. Species distribution of the top blastx hit in NGBlprotein database
for each contig of th&€rassostrea brasiliandranscriptome. Asterisks denote
bivalve mollusc species.

Oyster sequences that had matches in NCBI nr pratetabase
were subject to Gene Ontology (GO) analysis in B@® in order to
assign putative functions for tli brasilianaESTs. GO terms allow a
coherent annotation of genes products based on raroted
vocabulary and hierarchical relationships for malac function,
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cellular component and biological processes (Ashduet al., 2000).
Of 7,401 annotated sequences, 6,379 (86.2%) weignesl with one
or more GO terms, which were further validated itesy in 4,381
annotated sequences (59.2%). Due to the “true palb’, this
validation step removes parent terms when a cléfchtis present,
assuring more specific functional annotations fogigen sequence
(Gotz; Conesa, 2011). Following this approach,taltof 25,046 GO
assignments were obtained, with 44.5% for Biologiracess, 30.5%
for Molecular Function, and 24.1% for Cellular Camgnt. Among
the 4,381 transcripts for which we obtained GO &rme observed a
wide diversity of functional categories represented the GO
database. Figure 3 shows a total of 20 GO categdoe all three
major GO functional domains into which the trangtsi were
classified. The most prominent GO Biological Praceategories were
“translation” (GO:0006412), “metabolic process” (®008152) and
“oxidation reduction” (GO:0055114 ) (each with 8%0of the total).
Within the GO Molecular Function, “protein bindingG0:0005515)
was most prevalent term, followed by “ATP bindin@30:0005524)
and “binding” (G0O:0005488) (each with about 10-14%garding
the GO Cellular Component, the most representedgoaies were
“cytoplasm” (G0O:0005737), “nucleus” (GO:0005634plléwed by
“cytosol” (GO:0005829) (each with 11-13% of totatsh. Together,
the overall distribution of GO categories suggesiat the 454
sequencing provided a comprehensive representabibrthe C.
brasilianatranscriptome.
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Figure 3. Gene Ontology GO terms for the transcriptome eeges of
Crassostrea brasilianaA) GO Biological Process, (B) GO Molecular Fuoot
and (C) GO Cellular Component.

Despite GO analysis, we searched the annotatedsegsi for the
enzyme commission (EC) numbers using Blast2Go. &@hbers were
assigned to 1,341 sequences, with 31.1% and 30otBésponding to
transferases and hydrolases, respectively, folloedxidoreductases
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(16.7%) and ligases (13.2%) (Figure 4). To furtlexaluate the
effectiveness of our annotation process, we asdighe annotated
sequences for the KEGG orthology (KO) identifiensthe K numbers,
using the web-based server KAAS (KEGG Automatic égation
Server) (Moriya et al.,, 2007). In total, out of @J4 annotated
sequences, 2,673 sequences had K numbers. Tofydietibiological
pathways that are active i@. brasiliang the 2,673 KO identifiers
were integrated into the KEGG resource by the KAA&vice,
resulting in the assignment to 276 different KEG@&thpvays. The
number of pathways identified in this study is sugreto other
previous studiesi.€. Hao et al., 2011; Hou et al.,, 2011) and might
suggest that th€. brasilianasequence data contain a large diversity
of genes involved in a variety of biological proses, and do not
contain notable biases towards particular categook genes. The
pathways with most representation by the uniqueueeces were
“ribosome” and “spliceosome”, followed by “oxida#iv
phosphorylation”, “protein processing in endoplasmeticulum” and
“RNA transport”. Interestingly, “Huntington's disssl and
“Alzheimer's disease” were amongst the well-repmésg metabolic
pathways which might suggest a bias in favour tdl vaenotated
human genes available in public databases. Moreopathways
commonly related to xenobiotic biotransformationd aresponse to
stress in aquatic organisms were represented hyeseqs classified
into “metabolism of xenobiotics by cytochrome P450'drug
metabolism - cytochrome P450”, “drug metabolisnthen enzymes”,
“glutathione metabolism”, “and “pentose phosphad¢hpay”. Taken
together, the putative KEGG pathways identifiedhia current study
shed light on specific responses and functions limg in the
molecular processes @. brasiliana Additionally, these annotations
provide a valuable resource for the identificatioh novel genes
involved in the pathways of xenobiotic biotransfation and stress
responses.
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Figure 4. General enzyme classification based on enzyme cesioni (EC)
numbers for the contigs @frassostrea brasiliana

Detection of transcripts encoding proteins involved xenobiotic
biotransformation

In Eukaryotes, the biotransformation of most lipitiphxenobiotics
can be divided in three phases. During phase larpgtoups are
introduced into the xenobiotic molecule, which sually catalysed by
the cytochrome P450 enzymes, making it a suitalibstsate for phase
Il reactions. The metabolites formed by phase ttreas may undergo
further metabolism by conjugation to polar endogensubstrates which
is mainly catalyzed by enzymes like glutathidhransferases (GSTS)
and sulfotransferases (SULT) whereby lipophilic poonds are
transformed into hydrophilic conjugates (Walkeakt 1996). In phase
Il specialized transporters recognize the conjegiaand expel them out
of the cell (Homolya et al.,, 2003). Thus, the remsmo of enzymes
belonging to those phases represents a defenceamsichdeveloped by
an organism exposed to contaminants and have tseghas biomarkers
to evaluate both exposure to, and effects of, enuiental pollutants.
Based on this assumption and considering the irapoet of oysters for
aqguatic biomonitoring programs, the most interéstur research was to
identify the presence of transcripts involved ire tmetabolism of
xenobiotic biotransformation and associated ardimxi defence,
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providing a baseline for future studies on the emmental stress
response ofC. brasiliana Therefore, the selection of candidate genes
involved in phases I, Il and Ill presented in Tabfeand 3 was based
on queries matching xenobiotics detoxificationeda criteria
allowing the identification of relevant sequencesnf the oyster
transcriptome.

Transcripts encoding putative CYP450s

A total of 41 CYP450-related contigs were idendfién the
reference transcriptome. The transcripts were fitshtified based on
the closest blastx hits in the NCBI nr databasdlo@d by the
identification of at least one of the descriptorevided by the InterPro
Scan: IPR001128 (Cytochrome P450 Family); IPRO0Z@3tochrome
P450, E-class, group |); Pfam domain PF00067 (Cytoue P450);
and/or SSF48264 (Cytochrome P450 superfamily). Dtdntigs with
matches to CYP450s, 11 did not have an InterPrdliDwere manually
blasted against the protein NCBI nr database, wcuomfg our
provisional annotation as putative CYP450s using amlue cut off of
10° and a minimum of 40% identity with the subject semge.
CYP450s were assigned to nine CYP families, anddpeesentatives of
all major CYP clans in protostomes (2-4 and mitoah@l; Karatolos et
al.,, 2011) were found in this dataset (Table 2). 4if identified
CYP450s, 11 belonged to the CYP2 family, nine t® @YP4 family,
eight to the CYP17 family, seven to the CYP3 fandhd the rest to
the CYP1, CYP20, CYP24, CYP27 and mitochondrial ifees
(Table 2).

Among the putative CYP450 families with ecotoxigplointerest
identified in this study, CYP1 and CYP2 are knowrbé implicated in
the metabolism of environmental contaminants of tel@stomes
(Nebert; Russel, 2002; Kubota et al., 2011). Thelirement of CYP
families in protostomes is weakly known, but indos, CYP3 and
CYP4 seem to be involved in the metabolism of itisees
(Feyereisen, 2006). Likely, CYP2 and CYP4 familigere recently
identified and suggested to be involved in defenagsinst toxic
chemicals in bivalve molluscs (Zanette et al., 2080 et al., 2011,
respectively). In this study, transcripts encodmngative CYP2 family
were most representative followed by CYP4 and CYPlve CYP2
gene family is the largest and most diverse CYPilfamnwhich has
evolved complex roles in physiology and toxicologand diverse
regulatory mechanisms (Goldstone et al., 2006).eréstingly,
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cormorants exposed to environmental pollutants sldowifferential
regulation in the transcription level which was eegent on the
chemical class, with chlorinated compounds exemingffects on these
genes whilst perfluorinated compounds were nedstigerrelated to
CYP2 levels (Kubota et al., 2011). However, in eerg study carried
out in our laboratory, oysteL. brasilianashowed an up-regulation of
CYP2-like genes following short-term exposure teménthrerfe

Table 2. Summary information for the identifi€drassostrea brasiliana
genes putatively involved in phase | of the metsbol of
biotransformation of xenobiotics.

Average contig Average reads

Candidate genes Occurrence* ’ ;
size per contigs

Cytochrome P450

Clan 2

CYP450, family 1 2 1,173 bp 14

CYP450, family 2 11 843 bp 14

CYP450, family 17 8 1,094 bp 11

Clan3

CYP450, family 3 7 769 bp 5

Clan 4

CYP450, family 4 9 506 bp 2

Clan mitochondrial

CYP450, family 20 1 1,779 bp 20

CYP450, family 24 1 916 bp 3

CYP450, family 27 1 708 bp 3

CYP450 mitochondrial 1 804 bp 3

*Number of contigs obtained in this study that lzaldit with the corresponding
proteins in the NCBI nr databas€lan classification according to Nelson (1998).

Despite CYP2, transcripts encoding putative CYPddtgins were
well represented i€. brasilianatranscriptome (Table 2). Based on the
closest blastx hits in the NCBI nr database thesesctripts had a high
similarity to CYP356A1 ofC. gigas which is closely related to
members of the CYP17 and CYP1 families (Toledoebév al., 2008).
Although CYP17 is thought to be related to theatemetabolism, the
role of homologous sequences of the xenobiotic xifetation is also
suggested (Toledo-Silva et al., 2008). In f&Y,P356A1-likavas over-

2 See Chapter 5.
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expressed in the gill o€. brasilianaexposed to phenanthrénand

together with CYP2 are therefore candidate bionmarker PAH

biotransformation in bivalve molluscs. Furthermotejo sequences
were aligned to CYP1 family, which is reported the main phase |
enzyme family involved in PAHs metabolism. Howevitre role and
even the existence of CYP1 in molluscs are poorgwn, requiring

more studies to address this issue.

The CYP4 gene family encodes a diverse number ofrees, with
functions related to the hydroxylation of fatty dgiand eicosanoids in
vertebrates (Kikuta et al.,, 2002), and xenobiofimtransformation in
polychaetes and insects (Rewitz et al., 2006). l\jk& wide variety of
factors have been showed to regulate CYP4 familynbegs, ranging
from hormones in vertebrates (Simpson, 1997) teotiied oxygen in
bivalves (Snyder et al., 2001). There is also re@idence of the
regulation of environmental pollutants on CYP4 teda genes in
bivalves, in which benza]pyrene (BaP) decreased the transcription
levels of CYP4in scallops (Miao et al., 2011). In the presentigtuhe
number of genes encoding putative CYP4 genes gedio that in the
whitefly Trialeurodes vaporariunand in the bed bu@imex lectularius
where 13 and 17 sequences were identified, respéctiKaratolos et
al., 2011; Bai et al., 2011). Finally, less aburidaanscripts encoding
other CYP450 families were identified i€. brasiliana reference
transcriptome and fell in Clans 3 aMitochondrial (Table 2).

Transcripts encoding putative glutathiorgtransferases (GSTs) and
sulfotransferases (SULTS)

In the C. brasilianadataset 25 contigs were identified with high
sequence similarity to GSTs. The transcripts west identified based
on the closest blastx hits in the NCBI nr databdskowed by the
identification of at least one of the descriptorevided by the InterPro
Scan: IPR004045 (Glutathiorgétransferase, N-terminal); IPR010987
(GlutathioneS-transferase_C-like); Pfam domain PF00043 (Gludauhi
Stransferase, C-terminal domain); and/or Pfam domBiF02798
(GlutathioneStransferase, N-terminal domain) for the identifica of
both cytosolic or microsomal GSTs. Furthermore, earch for
microsomal GSTs was carried out by the identifaratof the MAPEG
(Membrane-Associated Proteins in Eicosanoid and taflione
metabolism) descriptors derived from InterPro ScdiRR023352
(MAPEG domain); IPR001129 (MAPEG protein); and Pfaomain
PF01124 (MAPEG family). Ten sequences did not haterPro IDs
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but were manually aligned against the protein NCBI database,
confirming our provisional annotation as putativ&Ts using anE
value cut off of 10 and a minimum of 40% identity with the subject
sequence. Of the 26 GST-related contig sequenfesele assigned to
seven cytosolic classes and six to three microsdp®&l's (Table 3).
Interestingly, independent on the GST class thegmtage of similarity
betweenC. brasiliana putative GSTs and those of other species was
higher (> 40%) than in GSTs sequences of otherusolspecies, such
as C. gigas (Boutet et al.,, 2004) anMytilus edulis (Lideking and
Kohler, 2002).

Table 3. Summary information for the identifi€drassostrea brasiliana
genes putatively involved in phases Il and Il bétmetabolism of
biotransformation of xenobiotics.

Candidate genes Occurrence* Average contig Average reads

size per contigs
Phase Il - Glutathione S-transferases
GST alpha 1 512 bp 3
GST omega 4 646 bp 7
GST pi 2 819 bp 11
GST theta 2 678 bp 3
GST sigma 6 710 bp 7
GST mu 1 1,048 bp 14
GST rho 3 798 bp 41
GST microsomal 1 2 541 bp 11
GST microsomal 2 1 464 bp 12
GST microsomal 3 3 821 bp 14
Phase Il - Sulfotransferases
Sulfotransferases 8 572 bp 4
Phase Il - Multidrug resistance proteins
MRP1 8 514 bp 4
MRP4 1 489 bp 3

*Number of contigs obtained in this study that lzadit with the corresponding
proteins in the NCBI nr database.

Most of the identified GSTs were assigned to thgemsi (6
sequences), followed by the omega class (4 segsignoembers of
which are known to play a role in the xenobioti¢odtéication and in
the protection against oxidative stress (Board.e2@00; Fonseca et al,
2010; Milan et al.,, 2011). Indeed, omega GST hasnity been
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reported to be useful as a biomarker for hydroasemd domestic
sewage exposure in oysters (Boutet et al., 2004.rémaining contigs
identified here with matches to cytosolic forms evéurther designed
into putative pi, mu, theta, rho and theta clas€dsthese, pi GST is
known to inactivate products of oxidative damageajchs as
lipoperoxidation products, lipid hydroperoxides attir derivatives
(Doyen et al., 2008) which has been implicatedlday pn important role
in the detoxification of BaP in scallops (Miao €t 2011). Mu class has
also been proposed as biomarkers for hydrocarbqussare in oysters,
since it was over-expressed@n gigasunder chemical stress conditions
(Boutet et al., 2004). Additionally, class thetdyigh has recently been
identified as most responsive cytosolic GST in fadtallenged with
organic compounds (Williams et al., 2008), was weiresented in this
study although very little is known of this classmolluscs (Whalen et
al., 2008). Interestingly, the contig assembledh&ymost reads (contig
504) aligned to rho class (103 reads), which agpeamatch peptides
to theta GST sequences (Whalen et al., 2008). ¢h, fane contig
provisionally assigned to the rho class also presemigh identity
(>60%) to the theta family of fish (data not showithis is not
surprising considering that rho and theta classesewsimilarly
responsive to organic compounds in the flounBéatichthys flesus
(Williams et al., 2008).

With regards to microsomal GSTs, six contigs wekely to be
assigned to MAPEG family, with subgroups 1 (MGSTand 3
(MGST3) most represented (Table 3). MAPEG membersstitute a
unique branch where most of the proteins are iregbin the production
of eicosanoids (Hayes et al., 2005), although emides show that
microsomal GSTS are capable of detoxifying orgaeigobiotics in fish
and human (Hayes et al., 2005; Williams et al.,806inally, and not
less important, transcripts encoding sulfotransiesg SULTS) were also
identified in theC. brasilianatranscriptome (Table 3). These genes
were assigned to putative SULTSs following the idfe#tion of one of
the descriptors derived from InterPro Scan: Pfarmaln PF00685
(Sulfotransferase domain) and/or IPR000863 (Swfatferase domain).
Two contigs did not have InterPro IDs but were grssil by the same
criteria described above for CYPs and GSTs. Thegmee of putative
SULTSs, a key component of phase Il metabolism afogenous and
exogenous compounds, suggests a role in the detdigh or endocrine

% See Chapter 5.
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metabolism of oysters, as previously suggestedniagsel (Janer et al.,
2005; Lavado et al., 2006). Furthermore, expressfddULTs enzymes
has recently been associated to PAHs in the chaai$h Ictalurus
punctatus(Gaworecki et al., 2004), although their inductlilis yet to
be confirmed for several species, including mokuglaner et al., 2005;
Milan et al., 2011; Roméo and Wirgin, 2011).

Transcriptsencoding putative multidrug resistance prote(iRERPs)
Conjugates formed by phase Il reactions are elitathdrom the
cells by the transport across the plasma membrdoghe extracellular
space, which is mediated by the multidrug resigtgmoteins (MRPS)
(Homolya et al., 2003). Nine MRPs exist and allobgl to the
superfamily of ATP-Binding Cassette (ABC) transpost(Hayes et al.,
2005). In theC. brasiliana dataset nine contigs were identified as
putative MRPs based on the closest blastx hiteerNCBI nr database,
followed by the identification of at least one bétdescriptors provided
by the InterPro Scan: IPR003439 (ABC transporte}li IPR001140
(ABC transporter); IPR011527 (ABC transporter, smembrane
domain, type 1); IPR017940 (ABC transporter, indégnembrane, type
1); Pfam domain PF00005 (ABC transporter); and Pfdomain
PF00664 (ABC transporter transmembrane region). dovitigs did not
have InterPro IDs but were manually annotated ke shme criteria
described before. Of the nine contigs with MRPscihmes, 8 were most
likely to be related to MRP1 and only one to MRP4&Mkle 3). In
mammals, MRP1 is thought to export phase IlI-by potsl and
compounds complexed with endogenous glutathionédHjGG&nd plays,
therefore, an essential role in detoxification adefence against
oxidative stress (Homolya et al., 2003). In aquatiertebrates, MRPs
are called as multixenobiotic resistance (MXR), awn without a
clear classification as for mammals, are known riavigle protection
against toxicants (Luckenbach and Epel, 2008). dnot, f previous
examination has shown an over-expression of MXR-ljenes inC.
gigas exposed to domestic sewage (Medeiros et al., 2008ken
together our findings suggest the importance of KIRFenes in
providing protection against environmental pollusaof C. brasiliana

Detection of antioxidant genes of interest for exwmology

Given that the exposure to pollutants and furthetréinsformation
may generate reactive oxygen species (ROS) that thev potential to
cause damage to DNA, proteins and lipids, we ase aiterested in
genes that participate in general antioxidant defe@ellular protection
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against the deleterious effects of ROS cells ha mtributed to a
complex network composed by both enzymatic and mmymeatic
antioxidants (Halliwell and Gutteridge, 2007). Anmoer of contigs
encoding genes putatively involved in the antioriddefence were
identified in theC. brasilianatranscriptome (Table 4). The transcripts
were identified based on the closest blastx hithenNCBI nr database
and included those encoding the following enzymssperoxide
dismutase (SOD), catalase (CAT), glutathione pease (GPx),
thioredoxins (Trx) (also the thioredoxin reductase TrxR and
thioredoxin peroxidase - TPx), peroxiredoxin (Pigdytaredoxin (Grx),
glutathione reductase (GR), quinone oxidoreductatso called DT-
diaphorase), and the ancillary enzyme glucose-Gtate
dehydrogenase (G6PDH). Of those, Trx-related centigre the most
represented in our dataset (11 contigs with 7 réadsverage). Trx-
related enzymes are involved in thiol-based redgxilation and belong
to a thioredoxin (Trx) superfamily, which also cmts of GPx, Prx and
Grx (Shchedrina et al., 2007). Such activities hbeen proposed to
protect against metal exposure and virus-inducedati¥e stress in
molluscs (Nikapitiya et al., 2009; Trevisan et &011), and thus may
represent interesting antioxidant biomarkers withngsing potential for
ecotoxicological studies i@. brasiliana

Table 4. Summary information for the identifi€drassostrea brasiliana
genes putatively involved in the antioxidant defesgstem.
Average Average reads

Candidate genes Occurrence* S ;
contig size  per contigs

Superoxide dismutase 3 894 bp 45
Catalase 2 1325 bp 22
Glutathione peroxidase 2 577 bp 7
Glutathione reductase 1 536 bp 5
Peroxiredoxin 3 829 bp 11
Glutaredoxin 4 435 bp 6
Thioredoxin 8 657 bp 7
Thioredoxin reductase 2 564 bp 4
Thioredoxin peroxidase 1 989 bp 10
Quinone oxidoreductase 2 529 bp 2
G6PDH 2 888 bp 5

*Number of contigs obtained in this study that lzaldit with the corresponding
proteins in the NCBI nr database.
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Contigs with similarity to SOD and CAT enzymes wassembled
by the most reads, in average 45 and 22 respegtisedgesting their
involvement in the cellular protection against ROSC. brasiliana
challenged with environmental pollutants as presfpueported for
mussel and limpet (Ansaldo et al., 2005; Cheungl.e2004; Lima et
al., 2007). Furthermore, two contigs were identifieith high sequence
similarity to quinone oxidoreductase, or DT-diapgs®. The latter
enzyme is generally considered as a detoxificagioryme because of
its ability to reduce reactive quinones to lessctiga and less toxic
hydroquinones (Siegel et al., 2004). Knowledge abdui:diaphorase in
invertebrates is still limited, but a few reportave demonstrated its
potential function as antioxidant in mollusce (reviewed byManduzio
et al.,, 2005). Altogether these findings show psing insight for
understanding antioxidant metabolism in oystersywewer further
functional studies (such as the analysis of trapsdevels) are
required to elucidate the role and regulation othsgenes inC.
brasiliana.

Contribution of the environmental contaminantshe genes of interest
for ecotoxicology

To reveal if the environmental contaminants comteld to the
overall C. brasilianatranscriptome, we analysed the reads within the
113 contigs under the 33 functional gene groupsintérest for
ecotoxicology presented in Tables 2, 3 and 4. Antbeg® CYP-related
gene groups, the families 2, 3, 4 and 17 were mosidjinated from the
environmental contaminants, whereas CYP1-like avi@ZD-like genes
were equally represented by reads originated fromrol and exposed
groups. Among these, CYP family 2 was the mostasgmted by reads
from the diesel and domestic sewage treatments;aiolg its role in
detoxification of organic compounds such as PAHRjctv has been
previously reported in cormorant and mouse (Kubetaal.,, 2011;
Schober et al., 2010). Similarly, contigs of family were generated by
reads from all the exposed groups, with higher rdaution of diesel
exposure (Table 5). On the other hand, the famRi&s27 and CYP
mitochondrial were generated by reads from streggedips only;
although those contigs were produced by three semse each
(Table 5).

Concerning contigs of the functional gene groupspbgse |l
biotransformation of xenobiotics, GST omega, folkawby GST theta,
GST sigma, sulfotransferase, GST rho and GST noanas 2 were
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most generated by reads from the diesel experinieraddition, GST
sigma was well represented by reads from the sewgigelp.
Interestingly, phenanthrene exposure contributethlgn@o contigs of
the functional groups GST omega, GST mu, GST alahd GST
microsomal 3 (Table 5). This finding is consistemth previously
documented report that PAHs induced GST omega a@d @u in
different tissues o€. gigas(Boutet et al., 2004). With regards to phase
lll genes, the environmental contaminants with nusitribution were
diesel for both MRP1 and MRP4, followed by pheneatie for MRP1,
and sewage for MRP4 (Table 5). Those preliminarglymes showed
that the presence of contigs of phase |, phasendl phase Il of
xenobiotic metabolism il€. brasilianaare mainly due to the chemical
exposures.

Among the functional gene groups related to antiaxi defence
system, glutathione reductase, quinone oxidoredactend G6PDH
were generated mainly by reads from phenanthrepesexe. Likely,
catalase was originated by sequences from phemramethalthough reads
from further treatments contributed to the generatif this gene group.
In addition, diesel contributed mainly for the gexi®n of contigs of
peroxiredoxin, thioredoxin peroxidase, G6PDH andiorédoxin
functional groups (Table 5). Interestingly, the iemwmental
contaminants seemed to contribute in a lesser ektethe contigs of
SOD, GPx and glutaredoxin functional groups, whigight suggest a
general response in oysters challenged under diectréaboratory
conditions.

Combining detoxification of xenobiotics and antigint results, we
can suggest that all the environmental contamirepydied in this study
contributed to theC. brasilianatranscriptome. The results also suggest
that some classes of genes are more influenced Iparticular
contaminant, indicating its potential applicatisraolecular biomarker
in biomonitoring programs. However, additional evipents using
approaches such as quantitative real-time PCR agitdbal mapping
sequences to the reference transcriptome are eelqtor validate the
results from this preliminary analysis.
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Table 5. Contribution of each environmental contaminangemerate
the contigs under the functional gene groups oferast for
ecotoxicology.

Candidate genes ControlSewage Phenanthrene Diesel WAF
Phase |

CYP450, family 1 8 2 10 8
CYP450, family 2 13 51 14 79
CYP450, family 17 2 24 21 45
CYP450, family 3 2 7 7 19
CYP450, family 4 1 1 4 14
CYP450, family 20 6 1 5 8
CYP450, family 24 0 1 1 1
CYP450, family 27 0 1 1 1
CYP450 mitochondrial 0 0 2 1
Phase I

GST alpha 0 0 1 1
GST omega 0 3 8 17
GST pi 6 4 8 4
GST theta 0 1 0 5
GST sigma 5 18 2 20
GST mu 2 1 4 7
GST rho 24 8 21 70
GST microsomal 1 5 1 5 10
GST microsomal 2 2 0 1 9
GST microsomal 3 7 6 16 12
Sulfotransferase 5 0 5 14
Phase llI

MRP1 4 2 8 17
MRP4 0 1 0 2
Antioxidants

Superoxide dismutase 56 20 20 39
Catalase 5 9 15 14
Glutathione peroxidase 4 0 4 5
Glutathione reductase 0 1 4 0
Peroxiredoxin 5 3 7 18
Glutaredoxin 11 2 0 11
Thioredoxin 15 3 12 26
Thioredoxin reductase 2 0 3 2
Thioredoxin peroxidase 2 0 3 5
Quinone oxidoreductase 0 1 2 1
G6PDH 0 1 5 4
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Conclusions

This study is the first to described® novotranscriptome for the
mangrove oysterCrassostrea brasilianausing 454 pyrosequencing
technology with emphasis to pathways related tooxditation of
environmental contaminants. To date, the lack abggéc data available
for this species has hampered characterization hef inolecular
mechanisms underlying resistance to aquatic contamts. The ~20,000
genes described here represent a dramatic expasisexisting cDNA
sequence available f@. brasiliana We have identified genes that are
potential candidates as biomarkers for ecotoxidgofgtudies including
those encoding enzymes putatively involved in tlmérénsformation of
xenobiotics and those encoding enzymes of antioxidafence system.
This is in agreement with previous reports on erajgnactivities on
bivalves exposed to environmental contaminants aala$ to the current
knowledge on the molecular biology and biochemiefrgtress response
in oysters. Furthermore, the EST libraries devealapehis study can be
used as reference transcriptome for further stuoliegene expression
using C. brasilianaand other bivalve species, addressing in particula
the molecular mechanisms underlying the suscejpjiltib pollutants
and differential stress resistance. In long teria thsearch should be
helpful in management of biomonitoring programsngsbysters as
bioindicator species.
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Abstract

Phenanthrene, a major component of crude oil, is ohthe most
abundant Polycyclic Aromatic Hydrocarbons (PAHSs) aguatic
ecosystems, and is readily bioavailable to maringamisms.
Understanding the fate and toxicity of PAHs in aalsn require
knowledge on the xenobiotics biotransformation aactioxidant
defence systems, which are poorly known in bivaltasthis study,
we report, for the first time, tissue-specific tremgstion analysis of
CYP-likeandGST-likegenes, by means of quantitative real-time PCR,
and enzymatic and non-enzymatic antioxidant pararaéh the oyster
Crassostrea brasilian&ollowing 24 h exposure to 100 and 100§.L

! phenanthrene, a model PAH. The results indicatatl 1000ug.L™
phenanthrene can lead to the upregulation of bo#ise | and Il genes,
with more pronounced effects in the gill. BailyP-likeandGST-like
are transcribed in a tissue-specific manner, reéflgcthe importance
of gill in the detoxification of PAHs. The biologit responses iC.
brasiliana support the use of this organism to investigate the
molecular mechanism underlying PAH toxicity in Hixes.

Keywords: Crassostrea brasilianaphenanthrene; quantitative real-
time PCR; CYP; GST; glutathione; antioxidant enzgme

Introduction

Aquatic biomonitoring programs represent a feadibt# to assess
the health and provide early warnings of coastatl anarine
environments. However, the success of these pragrafres on the
assertive choice of parameters to be employed,hwimiay represent a
challenge by itself. Recent efforts have highlightdhe use of a
multiple approaches combining the assessment othbimical,
molecular and physiological endpoints, known as markers,
emphasising the use of mollusc species as bioitaticarganisms
(Galloway et al.,, 2002). Due to their worldwide tdisution,
ecological habitat and significant ability to biecamulate pollutants,
bivalves, such as oysters, play a significant roleenvironmental
studies (Bebianno and Barreira, 2009; Frouin et2807; Lichmann
et al., 2011; Solé et al., 2007).

In biomonitoring programs, differences in the rasg® of
biomarkers are expected to be attributed exclugitelthe chemical
exposure. Nevertheless, recent studies have reptrsg biomarkers
appear to have variable responses to factors ttharthe contaminant
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challenge, such as the biological rhythms, reprodeccycles and
environmental conditionsi.€. Fernandéz et al., 2010; Forbes et al.,
2006; Zanette et al.,, 2011). To address this igsus imperative
renewed efforts to understand the biology of targgécies and to
comprehend their responses to chemical exposures Ftudy,
therefore, aims to gain insights regarding the eceffects of
phenanthrene, a model polycyclic aromatic hydrooar®AH).

Phenanthrene, a 3-ring compound included in the US
Environmental Protection Agency (EPA) priority pdglnt list, is one
of the most abundant PAHSs in the aquatic envirortmesulting from
human activities (US EPA, 2009). Also, its low nmi&ar weight
makes it more water soluble, contributing to itsumdance in oil
polluted waters where it is readily bioavailablehibiting a large
bioaccumulation factor in aquatic organisms, whicfther potentiate
toxic effects (Hannam et al., 2010; Oliveira et &007; Yin et al.,
2007). While various mechanisms of phenanthreniitgxhave been
proposed (Hecht et al., 2008), the most convin@wgences involve
metabolic activation by members of the cytochromtb® (CYP)
superfamily (Shou et al., 1994). CYPs consist ofesgl multigenic
families of structurally and functionally relatedrhe-proteins, playing
an important role in phase | biotransformation oénabiotics
(Omiecinski et al., 2011). The metabolites formgdohase | reactions
may undergo further metabolism by conjugation véthendogenous
substrates catalyzed by “transferases” enzymes, asiglutathion&
transferases (GSTs), resulting in more hydroplutiojugates that are
usually readily excreted from the organism (Omiskiret al., 2011).
However, while numerous studies in bivalves havewshthat GST
activity is inducible by PAHs (Banni et al., 201Boutet et al., 2004;
Le Pennec and Le Pennec, 2003; Lima et al., 200€himann et al.
2011; Solé et al., 2007; Zanette et al., 2011)0atrmothing is known
about the phase | biotransformation in bivalves.e Tiirst basic
question ‘are specific CYPs modulated in bivalves challendpgd
environmental contaminants?emains to be determined. Along this
lack of knowledge about the role of CYPs, the molacmechanisms
of phenanthrene detoxification remain to be elueida

Another feasible mechanism of phenanthrene toxibdg been
proposed to involve generation of reactive oxygpectges (ROS), as
by-products of biotransformation reactions (Reisitgues et al.,
2009), which may cause damage to proteins, DNAlgnds, leading
to their functional impairment (Livingstone, 200Yin et al., 2007).



128

Thus, the coordinated response of different celldifences, such as
the antioxidant system, the biotransformation amel detoxification
systems are important determinants in maintainieular function
(Winston and Di Giulio, 1991). ROS are counteradigdan intricate
antioxidant defence system that includes the entignsravengers
such as superoxide dismutase (SOD), catalase (@Ad)glutathione
peroxidase (GPx). As many biochemical pathways, #meillary
enzymes glutathione reductase (GR) and glucoses6gitate
dehydrogenase (G6PDH) are required to maintairatilidne (GSH)
in the reduced state ant thus maintain the turnoaée of GSH-
dependent peroxidases and transferases. Due dbutslance, protein
thiols (PSH) have been taken as an important adtox system
(Reischl et al.,, 2007), that along with non-protéfdols groups
(NPSH), basically GSH, are the main reducing bsffef the cell
(Sies, 1999).

Based on our previous study on the biochemicalaresgs ofC.
brasilianato complex mixtures of water-accommodated hydiocas
from diesel fuel (Lichmann et al., 2011), the pnésgudy is the first
attempt to elucidate the early molecular and biathbal responses to
phenanthrene searching for its toxic mechanism<inbrasiliana
under controlled laboratory conditions. Two subdétboncentrations
of phenanthrene were chosen based on previoustseparried out
with bivalves (Hannam et al., 2010; Wootton et &003) and on
realistic environmental concentrations found nearpgtroleum
exploration area (Anyakora et al.,, 2005). Therefaiesponses to
phenanthrene were studied at the biochemical amddriptional level
of genes belonging to phase | (CYPs) and phage3ITs) metabolism
of xenobiotics and on biochemical parameters rdlate antioxidant
defences. The results obtained in this study mago gbrovide
background information on putative biomarkers whichy contribute
to enhance any decision-making in the public angdfivate sectors on
the environmental effects to petroleum industrgded accidents.

Materials and methods
Chemicals

Phenanthrene (P1140-9; 98% purity) and all othengbals used
in this work were purchased from Sigma-Aldrich ($&wlo) and were

from the highest commercial grade available. Retsgased for total
RNA isolation were provided by Sigma-Aldrich, Imagen (S&o
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Paulo) and Macherey-Nagel (Alvorada); kits usedddNA synthesis
and quantitative real-time PCR (qPCR) reactionsvwpenrchased from
Qiagen (Sé&o Paulo).

Animals and exposure conditions

Mangrove oystersGrassostrea brasilianaof similar shell length
(6.0 — 8.0 cm) were collected at an oyster farnSambaqui beach
(Marine Mollusks Laboratory, UFSC) in Florianépelisouthern
Brazil. After collection, the animals were immeadigt transported to
the laboratory and placed in aerated tanks withb Quih-filtered
seawater (1 L of seawater per animal), at 21 °C saiohity 25 ppt.
Oysters were fed twice a day on microalgabdetoceros muelleand
Isochrysissp.) at a density of 3.3 x i@els.m* and 2.2 x 16
cels.mL?, respectively, and water was changed daily. Ansmaére
maintained for at least seven days for acclimabtmaprior to the
chemical exposure. Phenanthrene was first dissoimediimethyl
sulfoxide (DMSO) and this was then added to filteeawater to
achieve a final nominal phenanthrene concentratioh0O0 and 1000
ug.L?, equivalent to 0.56 and 5.6 puM, and a final DMSO
concentration of 0.01% (v/v). Oysters were therdaamly divided into
three glass exposure tanks which were individuabrated and
covered with glass to avoid evaporation of pheramé, and held
fasting for 24 h prior to the exposure. Controlgrovas carried out
under similar conditions except for the introduntiof 0.01% (v/v)
DMSO only. During the 24 h exposure period congiod exposed
organisms were not fed to prevent potential bioeudation of
phenanthrene by food. No mortality was observeth& control and
treated groups.

Seawater phenanthrene monitoring

To monitor the experimental amounts of phenanthrene
phenanthrene concentration was followed over a 2detiod. At
indicated intervals, a sample was collected frone tBMSO-
containing seawater and from the phenanthrene-oontaseawater
in the presence and in the absence of animals.r AfEmple
collection, fluorimetric readings (240 nm excitatid60 nm
emission) were immediately taken. Samples were ectdd in
autoclaved 5 mL amber bottles and fluorescent regdivere made
in triplicate using a serial dilution of 2 mg‘Lphenanthrene as
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reference standard curve. Seawater phenanthrenksesawere
conducted using spectrofluorimeter (Spectramax 2Blecular
Devices, Sunnyvale, CA). In order to determine ithiéal rate and
half-life of phenanthrene disappearance due toesysthe decrease
in fluorescence in tanks devoid of animals was adbed from the
actual readings and presented &S. brasilianadependent
consumption of phenanthrene.

Treatment and sample preparation

Eight oysters at each exposure concentration werefised after
24 h exposure, and tissue samples of gill and digegland were
immediately excised and processed for thiol measants. Partial gill
and digestive gland samples were also dissectedpagserved in
RNAlater (Sigma-Aldrich) and kept on ice until frozen at -20 for
further gene transcription analysis or samples vad#rectly frozen in
liquid nitrogen and stored at -80 °C for enzymatsays.

Gene selection

Partial sequences for six CYP-related gel@6R2AUlwhich was
assigned by David Nelson, twWoYP2-like CYP3A2-like CYP356A1-
like and CYP4-likg and four GST-related gene&%$T-like GST
omega-like GST pi-like GST microsomal 3-likewere selected from
the C. brasilianatranscriptome databaseThe genes were annotated
based on the closest blastx hits in the NCBI niabiate E value
threshold of 18). The alpha tubuline-like gene was used as
endogenous reference gene (ERG). Primers were ramkigising
Primer3 software, following the requirements fojPassays.

Isolation of total RNA and procedure of reversensgeription (RT)

Total RNA from gill and digestive gland of each tgrswas
individually isolated using TRIzol reagent (Invigen) and further
purified with the NucleospinRNA 1l Total RNA Isolation kit
(Macherey-Nagel) following the supplier's protocelith minor
modifications. Briefly, 50 — 100 mg of each tissuas mechanically
disrupted in the presence of 1 mL TRIzol using anbgenizer

“ See Chapter 4.
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(Tissue-Tearor, BioSpec Products). TRIzol protocehs strictly
followed until the upper agueous phase was achjewdére 200 uL
was transferred to a new tube for on-column préaiijein using the
NucleospinRNA 1l Total RNA Isolation kit. RNA was then eluted

60 pL of RNase free water. The residual genomic DigAtamination
was removed during the RNA cleanup using the RNese=DNase |
digestion as instructed by the manufacturer (Maap&agel). RNA
concentration and purity were then measured usiNgreoDrop® ND-
1000 Spectrophotometer (Thermo Scientific). Onlyghhi purity
samples (OD 260/280 > 1.8; OD 260/230 > 1.8) weuethér
processed. 1 pug of total RNA per sample was DNesated then
reverse transcribed using a QuantiTect Reverse sTragation Kit
(Qiagen) with a mixture of oligo-dT and random peims. A pool of
samples from all treatments was used for no revéescription
control (NRTC) which was removed post DNase treatnieit before
the RT step. Aliquots of the RT mixture were dillitat 1/10 with
nuclease-free water before use. The resulting aedtdiluted cDNA
and NRTC were stored at -20 °C.

gPCR analysis

The relative levels of gene transcripts in the gifid digestive
gland from control and exposed oysters were ingastd by qPCR
using the Rotor-Gene SYBR Green PCR kit (Qiagen)) Rator-Gene
6000 real-time gqPCR system (Qiagen) with primersecgg to C.
brasiliana (Table 1). gqPCR was performed in technical dupéisdor
each sample in a 20 pL reaction volume containihgtll Rotor-Gene
SYBR Green PCR kit, 1 pL of each primer (1 puM), 2 @f diluted
cDNA sample, NRTC or no template control (NTC) a®iduL of
nuclease-free water. PCR amplification was perfarmsing the fast
two-step cycling program as follows: 5 min at 95 &Bd 40 cycles of
5sat 95 °C and 10 s at 60 °C as instructed byrtheufacturer. PCR
products were subjected to melt curve analysis grimom 72 °C to 95
°C, rising by 1 °C each step, acquire to greenréisoence) to ensure
that non-specific priming was absent in samples,sahected samples
were gel verified by electrophoresis to check fagke amplicons and
primer dimers. Each plate included negative cont®TC to ensure
no background DNA contamination after DNase treatinand NTC
(sterile water).
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Table 1. Primer sequences used for the gPCR for the amglidin of
each target and endogenous reference gene (ERG pufiaitive gene
name and amplicon size (bp).

Gene name Primer sequence 5’-3’ Ar_npllcon
size (bp)
ERG
Alpha tubuline- F - TGA GGC CCG TGA AGA TCT TGC TGC 145
like R-ACC ACCCTCCTCTTCAGC TTCACCT
Phase | biotransformationcytochrome P450 genes
CYP2AU1 F - AAC GGC AAG AGG TGT AAG GTT TGC 158
R - TAATCC ATC ACC CGG ATT GGC AGA
CYP2-like 1 F-TCG TGC TCC TTT ACG AGT TGA CGA 91
R - ATATGC CGG GAG ATC CAT GTC GAA
CYP2-like 2 F-CGC TTC GCA GTC CAA GTT GAC AAA 136
R-ATC GTG TTT GGG TTC AGG TAT GCG
CYP3A2-like  F-AGT GGA CGT CAA CAA CTG GAT CGT 103
R - TGG AAC ACC ATA CCT CCG GAA CAA
CYP4-like F-TTA ATG GCC AGAACC TTT GCT GCC 98
R - GAC GTC ATT GCC TCAACT GCC TTT
CYP356A1-like F-TGT TCA GGC CCAACAACTCTGTCA 114

R - GGG AGT GGA CTC AAC CAG ATT CAC AA
Phase Il biotransformation glutathione S-transferase genes

GST-like F - ACT CAT ACC ATC CGA CAA AGC CCA 167
R - TGG CAT CCT CTG CCT TCT TCT TGA

GST omega-likeF - ATT GGC ACA CGT ACC TCG TCT GAT 175
R - TTA ATG GGA CCG CCA GAA GGT CAT

GST microsomalF - GCATTG TCT GGT GTG GTT TGG TGT 153

3-like R - CCT GAG AGT ATG ATG CAG CTT GCA GA

GST pi-like F-ATG GCG TTG GAT TGC ACT AAC TGG 100

R - ACG GAC GCT ACT GGT GGA CAA TAA

PCR efficiency E) was determined for each primer pair by
constructing a standard curve from serial diluti@ss follows: equal
amounts of cDNA from all samples were pooled arhle diluted to
generate efficiency curves from four cDNA concetitres. All
efficiency curves had a’Ryreater than 0.99 and efficiencies between
95-105%. Cycle threshold (Ct) values correspondethé number of
cycle at which the fluorescence emission monitoradreal-time
exceeded the threshold limit. Ct aBdwere obtained using the Rotor-
Gene 6000 real-time gPCR system.

Protein and non-protein thiols
After dissection, tissue samples of gill and diyestgland
(approximately 100 mg per animal) were immediatelynogenized in 1
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mL of 0.5 M perchloric acid, and centrifuged atQ®) g for 2 min at 4
°C. The supernatant was assayed for total gluta¢h{GSH-t) and for
non-protein thiols (NPSH), whereas the pellet wa®ftlly solubilised
in 500 pL of 0.5 M Tris-HCI buffer pH 8.0, contang 1% SDS, and
assayed for protein thiols (PSH).

Total glutathione (GSH-t), comprising both reducgaSH) and
oxidized (as disulphide, GSSG) glutathione formaswietermined by
the GR-DTNB recycling assay, as previously describg Akerboom
and Sies (1981), using a Cary 50 UV/Vis Spectropineter (Varian
Inc., Palo Alto). A standard curve using known G&Hounts was used
to obtain actual values.

NPSH, representing the low-molecular weight thiglsch as
glutathione and cysteine, and PSH, comprising th@uced thiols
present in proteins, were measured colorimetricadiyng the Ellman’s
reagent 5,5'-dithiobis-2-nitrobenzoic acid (DTNBllhan, 1959). For
NPSH, the acid extract was added to 0.5 M Tris-bi@fer pH 8.0 and
0.25 mM DTNB. For PSH, the resuspended pellet vaaea to 0.5 M
Tris-HCI buffer pH 8.0, containing 1% SDS and Or@% DTNB, and
let react for 30 minutes before readings. The tleieéls were estimated
at 412 nm using the DTNB molar extinction coeffitief 13,600 using
a Cary 50 UV/Vis Spectrophotometer (Varian InclpREto).

Enzyme assays

Gill and digestive gland of each oyster were irdiinlly weighed
and homogenized in 1:4 w/v chilled buffer (20 mMsHACI buffer pH
7.6, containing 0.5 M sucrose, 1 mM DTT, 1 mM EDTA15M KCI
and 0.1 mM PMSF) using the tissue homogenTissueTearor™. The
homogenates were centrifuged at 9gd0r 30 min at 4 °C, followed by
a second centrifugation of the supernatants atO®gdor 74 min at 4
°C to obtain the cytosolic fraction. Total protéavels were quantified
in the supernatant according to Peterson (1977%)gubbvine serum
albumin as standard.

Catalase (CAT) turnover rate was determined bydéerease in
absorbance at 240 nm by,® decomposition, according to Beutler
(1975). Glutathione peroxidase (GPx) activity wasasured indirectly
by monitoring the NADPH oxidation rate at 340 nne@cling to Sies et
al. (1979) using cumene hydroperoxide (CuOOH) abstsate.
Glutathione reductase (GR) activity was quantifiegd the NADPH
oxidation rate at 340 nm (Sies et al., 1979). Gdeeb-phosphate
dehydrogenase (G6PDH) activity was determined iolig the method
of Glock and McLean (1953), which evaluates therdase in
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absorbance at 340 nm caused by the reduction of WNA® NADPH.
Glutathione Stransferase (GST) activity was assayed by inangasi
absorbance at 340 nm, using 1-chloro-2,4 dinitrabea (CDNB) as
GST universal substrate (Keen et al., 1976). Aityame assays using
visible wavelengths were carried out using 96 wgllates reader
(Spectramax 250, Molecular Devices, Sunnyvale, OAfjle CAT
activity was assayed in a Perkin Elmer Lambda Bia2@/visible
spectrophotometer (Perkin Elmer, Cambridge).

Statistical analysis

Biochemical parameters (thiols and enzyme actsjtiavere
measured in 8 individuals from each treatment. dbéffices in mean
values were analyzed by one-way ANOVA followed loynplementary
Tukey test when convenient. Student'test was also performed to
compare the basal levels (control groups) of thiaiel enzymatic
activities between tissues. Normality (Shapiro-Wilkiest) and
homogeneity of variances assumptions were prewousiecked
(Bartlett's test) (Zar, 1999) and outliers werelaged according to the
Grubbs test. Differences were considered statistis@nificant whenp
< 0.05 and analyses were performed with the soév@eaphPad 5.0.

Gene transcription levels were assessed in 7 ohai$ from each
treatment. The relative mRNA expression ratio focoamsidered gene
was analyzed using an efficiency correctetiCt method, normalizing
to the endogenous reference gene (ERG) (Pfaffl. eR@02).p-values
were obtained using a pair wise fixed reallocatiandomization test
(2,000 iterations) using the relative expressioftware tool (REST
2009) (Pfaffl et al., 2002). Differences were cdeséd statistically
significant wherp < 0.01.

Results
Seawater phenanthrene monitoring

To assess phenanthrene stability during the oystgyosure,
experimental amounts of phenanthrene (0.01% DMS@al fi
concentration) were added into the seawater to iggovnominal
concentrations of 100 or 100Qg.L' (Figure 1). Phenanthrene
concentrations decreased over time in the watan anitial rate of 15.8
+ 0.6 or 130.5 12.8pg.L™.h" in the 100 or 100Q,g.L™ tanks, an 8.3
fold increase in the initial rate of phenanthrermmsumption by the
oyster. The spontaneous decrease in phenanthrensulbracted from
rates obtained in the presence of animals. As easebn, oysters readily
remove phenanthrene from the water, supposedly dipxification
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reactions, presenting a half life of 2.85 or 7.7&8tH.00 or 100qug.L™.
These data undoubtedly demonstrate a high phersettotonsumption
rate byC. brasiliang probably due to detoxification mechanisms, which
remains to be proven. The 8.3 fold increase itainitecay indicates that
the absorbing/degrading system is not yet saturatezh at the highest
concentration studied.
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Figure 1. Disposal of phenanthrene by mangrove oyst€mmssostrea
brasiliana Phenanthrene at 100 (A) or 1000 (R).L™" nominal concentration
was followed in the seawater (salinity 25 ppt) owere in the absence (squares)
or in the presence (circles) of oysters.

Phenanthrene effects on oyster gene transcription

Four genes, out of six, putatively involved in phad
biotransformation of xenobiotics showed a markecegplation in the
gill of oysters exposed to 100@y.L" phenanthrene (Figure 2A). All
studied genes belonging to t6& P2family were upregulated between 9
and 16 fold, of whichCYP2-like 2showed the strongest upregulation
(~16-fold), followed byCYP2AU1 (~12-fold), andCYP2-like 1(~9-
fold) as compared to control grou@YP356Al-likewas upregulated
nearly 9-fold relative to the control group, whikeanscripts for
CYP3A2-likeand CYP4-like remained unchanged. Interestingly, only
CYP2-like 2gene was upregulated approximately 8-fold aftgroexre
to 100 ug.L™" phenanthrene as compared to untreated controlaiim
(Figure 2A).

Transcript levels for putative CYP-related genedigestive gland
(Figure 2B) exhibited a distinct pattern of resporie phenanthrene
exposure as compared to gill, with upregulationyciolr CYP2AU1
(~3-fold) after exposure to 100Qg.L* and none at 10Qug.L™
concentration.
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Figure 2. Relative gene transcription of putative phase trhitsformation of
xenobiotics genes in the gill (A) and digestivengldB) of the mangrove oyster
Crassostrea brasilian@xposed to phenanthrene at 3@L™" and 1000ug.L™
for 24 h. The gene transcript levels were assesgefPCR and transcription is
relative to control group. Note the y axis is lddanic to base 2. Statistical
analysis was performed by using a pairwise fixedlaeation randomization
test. *Represents significant transcription changREST 2009 software
Qiagen®,p < 0.01).

Concerning genes related to GSTs putatively invblire phase |l
xenobiotics detoxification, of the four GST-relagehes assayed in this
study, two showed significant upregulation relativghe control group,



137

but only for the gill at the highest concentratminphenanthrene (1000
ug.L'Y). GST omega-likend GST microsomal 3-likevere upregulated
approximately 9-fold and 6-fold, respectively (Figu 3A). No
significant differences were observed in GST-relagghes in the
digestive gland for both 100 and 100§.L™ groups (Figure 3B).
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Figure 3. Relative gene transcription of putative phase dtriainsformation of
xenobiotics genes in the gill (A) and digestivenglgB) of the mangrove oyster
Crassostrea brasilian@xposed to phenanthrene at 3@0L™" and 1000ug.L™"
for 24 h. The gene transcript levels were asselsgefPCR and transcription is
relative to control group. Note the y axis is lathanic to base 2. Statistical
analysis was performed by using a pairwise fixedlaeation randomization
test. *Represents significant transcription chan@REST 2009 software
Qiagen®, p < 0.01). GST classes/isoforms@GST (omega), MGST3
(microsomal GST isoform 3yGST (pi). 2QGST-likecould not be amplified in
the digestive gland.

Biochemical parameters

Figure 4 shows the thiol status measured in theagill digestive
gland ofC. brasilianaexposed to phenanthrene for 24 h. NPSH levels
decreased in the gill and digestive gland of arsnedposed to 1000
ug.L! phenanthrene th19)= 4.131;p < 0.05 for gill and p,21) = 3.830;
p < 0.05 for digestive gland], as shown in Figure 4/ke levels of
GSH-t were significantly decreased in the gill d@ling exposure to
phenanthrene [f9 = 3.662; p < 0.05]. In digestive gland, no
significant differences in the levels of GSH-t welgservedf > 0.05)
(Figure 4B). The levels of PSH did not differ amoagperimental
groups for both tissuep & 0.05) (Figure 4C).



138

A B
2.0 1.5+
® | T
g |
2 15 * « B
g 1 40; 1.0 *
2 1.0 2
E £
= 2 0.5
% 0.5 I
o ] %)
< ] o
0.0 . L 0.0 - "
gill dig gd gill dig gd
¢
15+
1 Control
2 3 100 yg.L!
£ 10 = 1000 ugL™"
g
2
E
2 5
I
(%2
}
0

gill dig gd

Figure 4. Thiol status measured as levels of (A) non-proteials (NPSH), (B)
total glutathione (GSH-t) and (C) proteic thiolsS@® in the gill and digestive
gland (dig gd) of the mangrove oyst@rassostrea brasilianaexposed to
phenanthrene at 10@y.L™ and 1000ug.L™ for 24 h, plus the seawater as the
control group. Results are expressed as mean dathdeviation (S.D.)n(= 7

- 8 animals per group). Statistical analysis wasopmed by one-way ANOVA
followed by Tukey's post hoc analysis.*Represeigsificant differencesp <
0.05.

As an index of phase Il biotransformation of xemblos, GST
activity decreased in the gill of animals exposed 00 pg.L™
phenanthrene [k»1y = 3.405; p < 0.05], but activity remained
unchanged at 100@y.L™* reaching similar values to the control gropp (
> 0.05) (Figure 5A), while GST activity did not cfge in digestive
gland p > 0.05) (Figure 5A). Phenanthrene treatment didpmotiuce
any significant alteration in antioxidant (CAT ai@Px) and related
enzymes (GR and G6PDH) in the gill or digestivendlafC. brasiliana
(Figures 5B - E).



139

A B
1004 450+
S i[ * T 4001
< c
3 807 2 3507
(=% (=%
] 3004
£ o0 £ 250
£ ] £ E
£ 4] £ 200
3 407 3
E ] £ 150
£ 204 1007
3 S 509
0 - - 0 - "
gill dig gd gill dig gd
(03 D
8 25+
g £ ol
g 6] 3 j
2 54 5 5]
E g 157
3 3] 3 104
£ E ]
= 24 £ q
& ° 51
G 1 9] 1
0 . ; 0 - .
gill dig gd gill dig gd
E
100+
= 1 1 Control
s ]
S 80 3 100 gL
5 ] = -t
? ] 1000 ng.L
= 604
E ]
g 40+
£ ﬁ
5 20
o 4
©
g ]
0 - n
gill dig gd

Figure 5. Graphs depictactivity of the phase Il biotransformation of
xenobiotics, antioxidant and related enzymes ingihend digestive gland (dig
gd) of the mangrove oyst@rassostrea brasilian@xposed to phenanthrene at
100 pg.L™* and 1000ug.L™ for 24 h: (A) glutathionéStransferase (GST), (B)
catalase (CAT), (C) glutathione peroxidase (GPB) ¢lutathione reductase
(GR) and (E) glucose-6-phosphate dehydrogenase JBEP Results are
expressed as mean + standard deviation (SrD5) T - 8 animals per group).
Statistical analysis was performed by one-way ANOféfowed by Tukey’s
post hoc analysis.*Represents significant differsyjce 0.05.
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Tissues differences in the levels of phase Il hmformation,
antioxidant and related parameters of oysters tlwrcontrol group are
shown in Table 2. Oysters showed higher PSH leaetsGST, GR and
G6PDH activities in the gill, whereas CAT and GRxiaties were
significantly higher in the digestive gland. HowgvdPSH and GSH-t
were not altered between tissups (0.05).

Table 2. Tissue levels of phase Il biotransformation of Xmotics,
antioxidant and related parameters in the gill diggistive gland of the
untreated (control group) mangrove oystrassostrea brasiliana
Results are expressed as mean * standard eriwe ofdan (S.E.M.).

Digestive Fold variation

Parameters Gill gland to gil
Non-proteic thiols (NPSH) 1.50+0.07 1.47 £0.07 01 NS
Total glutathione (GSH-t) 1.07£0.09 0.97 £0.10 11 NS
Proteic thiols (PSH) 6.72+0.57 1.80+0.64 3.7 * xx
GlutathioneStransferase (GST)85.30 £ 3.45 55.87 +6.50 15 **
Catalase (CAT) 170.0 +7.93 317.3+43.78 -1.9 ok
Glutathione peroxidase (GPx) 354+0.13 570203 -1.6 rkk
Glutathione reductase (GR) 21.80+051 14965%18 15 **
Glucose-6-phosphate 88.38 +3.66 34.25+5.02 2.6 wrk

dehydrogenase (G6PDH)

Significant differences are as follow:g* 0.01 and **p < 0.001;n =7 — 8
animals per group; NS: non-significant.

Discussion

We were able to show a rapid uptake of phenanthgribe oysters
(Figure 1), despite the presence of a small speotzs decay, which
provides evidence of the ability of. brasiliana to dispose low
molecular PAHs, confirming our previous study withis species
(Luchmann et al.,, 2011). Bioaccumulation of PAHs hadso been
reported for other bivalves, such @sassostrea virginicaElder and
Dresler, 1988)Mytilus galloprovincialis(Valavanidis et al., 2008Rerna
perna(Francioni et al., 2007) arRRecten maximu@iannam et al., 2010).

Once phenanthrene has been taken up by an orgédnisiay be
subjected to biotransformation reactions to furtbetoxification and
excretion (Hannam et al., 2010). In mammals, theaetions are known
to bemediated by the cytochrome P48DYP) enzymes during phase |
biotransformation, producing reactive intermediatesich as diol
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epoxides (Pushparajah et al., 2008; Shou et a@4)1%According to

Hecht et al. (2008, 2009), PAH bay region diol ddeg are suitable
substrates for phase Il reactions. However, vatig lis known on the
molecular mechanisms of phenanthrene metabolistivialves. With

that in mind we selected six putative CYP-relatedes from families 2,
3, 4 and 17, and four GST-relatgdnesputatively belonging to class
omega, pi and microsomal 3 to investigate their utettbn at the

transcriptional level in the gill and digestive mhof C. brasiliana

exposed to phenanthrene for 24 h.

We found that the CYP2 gene family was the mosuded by
phenanthrene in oysters, which is in line with jpvas findings for
CYP2transcript levels in rat and mouse challenged withsame PAH
(Schober et al., 2010; Shou et al.,, 1994). Interglst mMRNA
expression levels for the three CYP2 genes in ithefgC. brasiliana
presented similar responses to phenanthrene tregitmih increased
transcription found foCYP2-like 2(~16-fold), followed byCYP2AU1
(~12-fold) at the highest concentration of 1QROL™. Similarly, CYP2-
like 2 transcript levels were induced nearly 3 fold ie till of oysters
treated by 10Qug.L™ phenanthrene. These data indicates the role of the
CYP2 enzymes in the detoxification of environmem@htaminants as
previously reported by Kubota et al. (2011). Moo CYP356A1-like
which is closely related to members of the CYP1 @17 gene
families, was strongly upregulated (~9-fold) in tigdl of oysters
exposed to 1000g.L™ phenanthrene. In a previous study carried out by
our group,CYP356Alwere induced in oysteCrassostrea gigasifter
exposure to domestic sewage (Toledo-Silva et 808 which gives
support to its role in xenobiotic biotransformatidinis also interesting
to note that in our study the gill presented a ifitant upregulation in
their CYP-relatedyenes, in contrast to the weak effect of phenanéhre
to the digestive gland, considered the main degmgf organ of
bivalves (Verlecar et al., 2007). Our results pthet gill as an important
tissue for the phase | biotransformation of PAHSs.

The absence of changes in transcript abundanc€Y&3A2-like
and CYP4-likein exposed oysters suggests that these CYP fanditie
not present short term activation in phenanthremtabolism ofC.
brasiliana Compared to previous studies on aquatic organisms
results showed different trends which are somehoexpected as CYP3
and CYP4 enzymes are likely to be involved in delfoxification. For
instance, previous studies have shown a moderateguiption of
CYP3Ain red mullet captured in the north-eastern Adlri&ea, close to
an oil refinery (Torre et al.,, 2010), and an inductof CYP3-likein
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mussel treated by beta-naphtoflavone (Zanette, )20B9rthermore,
Sabourault et al. (1999) found a decreas€¥P4 mRNA levels sea
bass exposed to benzo[a]pyrene, which has reckedy supported by
Miao et al. (2011), who showed similar findingssitallops. A possible
explanation for this discrepancy could be due tfiedint intrinsic
features of CYP subfamilies regarding differentresgion patterns and
distributions, as observed for CYP4 genes in thiycbaetesNereis
virensandCapitella capitatasp. following exposure to PAHs (Li et al.,
2004; Rewitz et al., 2004).

Concerning phase Il biotransformation genes, in study we
investigated fourGST-likegenes but not all of the GST classes and
tissues showed transcriptional changes after expdsuphenanthrene.
Only the gill GST omega-likeand GST microsomal 3-likeshowed
obvious increased mRNA levels (~9-fold and ~6-fakekpectively) for
1000 pg.L™ concentration. In line with this, a significantragulation
for GST omegavas reported by Boutet et al. (2004)Gn gigastreated
by hydrocarbons. The authors also found inductidn GST muy,
indicating that the extent @&STinduction towards PAHs in mollusc is
species-specific, which is further supported by éhevated transcript
levels of GST pi found in scallop Chlamys farreri exposed to
benzo[a]pyrene (Miao et al., 2011). This discrepaincthe extent of
induction has been previously reported for mammalialls, which
supports the idea that phenanthrene detoxificasi@engene class-, dose-
and cell-specific process (Hecht et al., 2008; $emgiet al., 2002).

Unlike gene transcription, GST catalytic activityhosved a
significant decrease in the gill after exposure 100 pg.L™
phenanthrene. This is consistent with previousiffigsl obtained for fish
exposed to the same PAH (Oliveira et al., 2008r&fore, combining
no upregulation of GST-related genes and significetrease in GST
activity results, we can suggest that the abseht&ioscriptional GST
activity did not produce enough of the enzyme topecowith
phenanthrene detoxification in the cells. Furtheemodifferent
sensitivity towards inducers at transcript leveRMNA processing and
protein stability may have led to discrepanciesneen induction of
gene transcription and enzyme activity, as repobgdrisciani et al.
(2011). Curiously, the elevated transcript levelsGST omega-likand
GST microsomal 3-likdn the gill after exposure to 100Qg.L™
phenanthrene seemed to maintain GST enzyme produsimilar to
basal levels identified in the control group. Tisigurther supported by
the marked reduction seen in GSH-t levels in tHe gccording to
Hecht et al. (2008) and Pushparajah et al. (20B8) are considered
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highly effective enzymes in conjugating metabolicalctivated PAHs
to glutathione, leading to depletion of GSH contédickinson and
Forman, 2002). In line with this, in a recent waried out withC.
gigas, Trevisan et al. (2012) observed that oysters expésel8 h to
the eletrophilic compound CDNB had depleted levaflsGSH-t and
PSH in the gill. The authors also observed a Znédiincrease in the gill
GST activity, followed by the appearance of the @E>flutathione
conjugate in seawater, which clearly reinforce tldea of thiol
consumption during metabolism of eletrophilic compds and the
induction of phase Il enzymes in such situation©welver, the
reduction in GSH-t and NPSH levels following phethaene exposure
is likely to indicate enhanced conjugation allied the formation of
ROS, which in turn, can overwhelm this antioxiddafence system, as
previously reported in scallops by Hannam et &1(®. Whether GSH-t
was depleted by GST conjugation activity or ROSnfation is
unknown, with further investigation required to eatetine if
phenanthrene exposure plays a pro-oxidative roleC.inbrasiliana
Moreover, it has to be emphasizibdt the GST activity was measured
utilizing the universal GST substrate CDNB, andvjres report have
evidenced that many GST classes are devoid orrgresdy very low
activity toward CDNB i(e. Dixon and Edwards, 2010). Thus, one must
be aware that the quantification of GST-relatedegelevels and GST
activity in this study might not be measurementshef same biological
response.

Because of numerous studies have reported changbs iactivity
of antioxidant enzymes in aquatic organisms follgyviexposure to
phenanthrene.é. Correia et al., 2007; Hannam et al., 2010; Oliveira
al., 2008), in this study, we also assessed tleetsfbf this PAH on the
activity of CAT, GPx, GR and G6PDH in the gill amddigestive gland
of C. brasiliana Our results showed that phenanthrene did not it
significant response of antioxidant and relatedyeves in oysters after
24 h exposure. This is consistent with previouslguinented report that
enzymatic changes related to PAHs exposure tenuks time-dependent
with most pronounced differences seen after 48gosxe (Ansaldo et
al., 2005; Banni et al., 2010; Solé et al., 2007 fact, we have recently
showed thaC. brasilianarevealed clear biochemical responses to diesel
fuel water-accommodated fraction after 96 h of expe (Lichmann et
al., 2011), indicating that 24 h might not have rbéeng enough to
activate antioxidant defence system at protein |lefa@lowing
phenanthrene exposure. This would also be the fcais&ST-protein
synthesis. However, Bebianno and Barreira (200@hdoa significant
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increase of antioxidant enzymes in the cRuditapes decussatas the

first day following transplant to PAHs polluted ase Thus, further
studies are required to understand the temporal ulaton of

antioxidant defences 1@. brasilianafollowing exposure to PAHs

Based on the differences between tissues seeisisttidy for both
molecular and biochemical parameters we can pastulbat C.
brasiliana shows tissue-specific responses following phemanth
challenge. It is supported by the lesser responsa® of CYP- and
GST-related genes seen in digestive gland, whictpissistent to the
idea that gill is the target organ for rapid reawtio short-term events
whereas hepatic tissues require the accumulaticherhicals following
chronic exposure, such as previously observed fachlemical
parameters in fish (Webb and Gagnon, 2009). Thisrtker supported
by the lower antioxidant levels in the digestivargl, as compared to
the gill, which includes lower PSH levels and GRGR®H and GST
activities. It is interesting to note that the gifi some bivalve species
also present higher activity of GST, G6PDH and GR@mpared to the
digestive gland (Almeida et al., 2005; McDonagh &fdehan, 2008;
Lopez-Galindo et al., 2010). Altogether our findsnopdicate that gill
seems to present a more potent repertoire relavedhipl and
biotransformation metabolism: a) higher thiol pooproteins; b) better
capacity to regenerate oxidized GSH through elev&R and G6PDH,;
c¢) higher capacity of conjugation through GST; djrppt responses at
the transcriptional level amplifying phase | (CYRs) phase Il (GSTs)
genes. These data reinforces the idea that gilh igery important
detoxification organ, in line with Luckenbach andyeE (2008)
proposal.

In conclusion, while phenanthrene induced transioripof CYP-
and GST-related genes, it also reduced both NPSHGBH-t levels
and GST activity following 24 h exposure. Transtop upregulation of
CYP2 gene family, CYP356Al-like GST omega-likeand GST
microsomal 3-likeoccurred in a tissue-specific manner, reflecting t
importance of the gill in the mechanism of PAH détoation. Further
investigations into the substrate selectivity dfabdic activity of GSTs
are essential for completely understanding thele rim xenobiotic
biotransformation in bivalves, as well as a timerse study to unravel
long-term responses. Finally, our study goes sonsy woward
achieving these goals and sheds light on tissuefgp&anscription of
biotransformation-related genes and catalytic dgtiof antioxidant
parameters which should also increase the setteffial biomarkers of
aquatic contamination in bivalves.
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Capitulo 6

Consideracoes finais

Como abordado no Capitulo 1, os ecossistemas  egsiaido
continuamente expostos a uma quantidade signifecatide
contaminantes, muitos dos quais derivados de atieisl da indUstria do
petréleo e da ineficiéncia na coleta e tratamewot@shoto doméstico.
Independente da origem, 0s contaminantes poderarcefgitos toxicos
nos organismos atingidos, cujas respostas biol$gipadem ser
utilizadas como uma ferramenta vidvel em programds
biomonitoramento ambiental. No entanto, para seerdgbar a
ferramenta ideal a ser empregada nestes prograstasios devem ser
conduzidos, especialmente quando se trata de msstomplexas de
xenobidticos. Paralelamente, a escolha do organibimmdicador
constitui um importante ponto a ser consideradoutifizacdo de
moluscos bivalves em programas de biomonitoramentestudos
ecotoxicologicos vem sendo considerada como umaanienta
promissora, sendo que no Brasil, a ostra do manGuassostrea
brasiliana, ocupa uma posicdo de destaque, uma vez que afarese
ampla distribuicdo em regides costeiras potenciatieneontaminadas, e
representa um importante recurso nutricional e @oio para as
populacdes destas areas. Nesse sentido, esteevesedamo principal
objetivo avaliar a sensibilidade e aplicacdo deursdgbiomarcadores
bioquimicos e moleculares em ostras, brasiliang expostas a
contaminantes ambientais. Respostas de biomarcadnoguimicos
classicos foram avaliadas em ostras expostas aofrde Oleo diesel
acomodada em agua (FAA) e ao fenantreno. Adicios@tie técnicas
de biologia molecular foram aplicadas em animattos com FAA,
fenantreno e esgoto doméstico visando a identlicade novos genes
candidatos a biomarcadores de contaminagéo aquatica

O estudo desenvolvido e demonstrado no Capitulic@rporou o
uso de biomarcadores bioquimicos classicos, alémndbse quimica,
para avaliar o efeito toxicolégico de quatro comicgdes de FAA em
branquia e glandula digestiva de ostras expostas9fohoras sob
condi¢des controladas de laboratdrio. Os resultddo®nstraram que a
ostra apresenta elevada capacidade de bioacumulagéo
hidrocarbonetos alifaticos e aromaticos de formancentracao-
dependente. A resposta de alguns biomarcadoresusegia mesma
tendéncia, identificada pelo aumento da atividaale ehzimas GST e
GR na glandula digestiva, bem como niveis elevddgsroteina Hsp60,
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e maior atividade da GGT em branquias. Esses aglagtsugerem que
os tecidos das ostras apresentam mecanismos difeien de resposta
frente & exposi¢cdo quimica. Além disso, constituasn primeiras
informacdes ecotoxicolégicas para esta espéciagdendo subsidios
para o estabelecimento de ferramenta de biomonitat®d com
potencial aplicabilidade tanto por 6Orgdos ambisptatomo por
segmentos relacionados a industria de petroleo.

Adicionalmente ao uso de biomarcadores bioquimidéssicos,
como abordado no Capitulo 2, estudos ecotoxicaddgicom
organismos cuja biologia é pouco conhecida requaratantificacdo de
biomarcadores especificos para refinar e legitimaavaliagdo da
qualidade ambiental. Com este propdsito, no Capfyla técnica de
hibridagdo subtrativa supressiva (SSH) foi aplicaata glandula
digestiva de ostras expostas por 24 horas a FAA. %cnica foi
aplicada em dois momentos diferentes, e resultoidenatificacdo de
novos genes de interesse ecotoxicoldgico classdcaem diferentes
categorias. Dentre eles estdo os genes de resposatresseUsSP),
genes envolvidos na regulacdo da sintese protgiEaR2e USP25, no
metabolismo de nucleotideoNPK-B), e sistema imunol6gico
(Precursor de dominifa A partir das sequéncias obtidas nas SSHSs,
iniciadores especificos foram desenhados para slgenes, com o
objetivo de validar a transcricdo diferencial dossmos através da
técnica de PCR quantitativo em tempo real (qQPCRinti2 os resultados
obtidos, vale destacar a validagdo de alguns dgdeasificados, como
Precursor de domininaUSP e NDPK-B. Embora as propriedades
bioquimicas e a importancia fisiolégica das praeicodificadas por
esses genes ainda permanecem para serem eluciadasluscos, o0s
genes aqui identificados demonstraram elevado pelencomo
candidatos a biomarcadores de exposicdo a derivddopetroleo.
Ainda, o perfil de transcri¢do diferencial idem#do mostra que grande
parte da maquinaria metabolica do organismo faadéepela exposicdo
a FAA. Entretanto, vale ressaltar que nenhum dasndicadores
empregados no Capitulo 2 foi identificado na SSste Eesultado pode
estar relacionado as condi¢des de estringénciaédodm e/ou & baixa
coberturaoveragé no sequenciamento (pelo método de Sanger), tendo
em vista que apenas uma pequena parcela das sali@gnectérias foram
sequenciadas. Ainda, o carater aleatorio de esa#bacol6nias para
sequenciamento pode ter desfavorecido transcritosgpabundantes.

Desta maneira, com o intuito de aumentar a colzerde
sequenciamento e a consequente identificacdo desngenes de
interesse ecotoxicoldgico em ostfasbrasiliang foi utilizada a técnica
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de pirosequenciamento (plataforma 454, Roche)sagsultados foram
mostrados no Capitulo 4. Como essa técnica ndssitrede uma etapa
de clonagem, as sequéncias nado tipicamente amastradma
abordagem de sequenciamento de Sanger devido derpesb de
clonagem, sdo mais representadas no conjunto aes gaolvenientes do
pirosequenciamento, contribuindo, assim, para umi@mcobertura do
transcriptoma. Neste contexto, foram construidas lbliotecas de
cDNA nado normalizadas de branquia e glandula digesie ostras
expostas a FAA de oleo diesel, ao fenantreno esgot@ doméstico, as
quais foram agrupadas, resultando em quatro bechst de cDNA
flanqueadas por adaptadores, e pirosequenciadagarfir desta
abordagem metodoldgica de sequenciamento em negssana corrida
foram gerados 399.29ads em um total de 96.582.549 bp, dos quais
246.514readsforam utilizados para montagede novo Vale ressaltar
que o processo de montagem foi realizado em trésemims distintos,
com softwares diferentes com o intuito de escatherelhor estratégia
de bioinformatica para os dados gerados nestdhimb®pds montagem
utilizandoNewbler v 3.4CLC Genomics WorkbenetSegMan NGen v
3.0.4 (DNASTAR seguida de andlise doentigsgerados, foi escolhido
0 SegManpara a montagemie novoe analise do transcriptoma. Dessa
forma, foi produzido o primeiro transcriptoma réfecia da ostraC.
brasiliana 20.938 contigs foram gerados, os quais foram anotados
resultando na identificacdo de 7.401 genes com lssidade
significativa a sequéncias traduzidas de eucariof®s046 termos
funcionais GO; e 276 diferentes vias metabdlicapaadas (KEGG). A
partir dos genes identificados, foi dada maior émfequelas classes e/ou
familias de genes que codificam proteinas de isgerecotoxicoldgico.
Assim, uma ampla variedade de genes putativamentelvilos no
sistema de detoxificacdo de xenobidticos e no restale defesa
antioxidante foi identificada. Os dados gerados tenesapitulo
possibilitaram, pela primeira vez na literatura, varificacdo da
existéncia de genes transcritos €mbrasilianafrente a exposicao a
estressores ambientais, 0s quais podem se torpartantes fontes de
informacao para utilizacdo no biomonitoramento gigad contaminadas
por compostos derivados de petrdleo e esgoto dmmést

Vale ainda ressaltar que o trabalho apresentadGapdtulo 4 foi
desenvolvido durante o estagio de doutorado Sanelmic Reino Unido
(entre os meses de maio e novembro de 2010) evenvalparticipacéo
das seguintes instituicdes estrangeirakhe Marine Biological
Association of the United Kingdd®r. Declan C. Schroedemy\rgonne
National Laboratory (Dr. Jack A. Gilbert), Glasgow Caledonian
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University (Dr. John A. Craft) dJniversity of Birminghan(Dr. Kevin
Chipman) eUniversity of Liverpool(equipe doCentre for Genomic
Researchy onde o pirosequenciamento foi realizado. Condé&stacar
que, os dados estdo sendo trabalhados com o idkiaperfeicoar os
resultados obtidos. Desta forma, espera-se, em uno espaco de
tempo, mapear ogeads no transcriptoma referéncia visando a
identificag@o do padréo de transcricdo génica ¢lepassim, entender a
contribuicdo de cada contaminante para o transongt Com este
intuito, alguns genes serdo escolhidos e analispdosgPCR para
validar os achados no transcriptoma. Ainda, arsafitegenéticas serdo
realizadas para as sequéncias de interesse eodbgiio visando a
confirmacéo das funcdes sugeridas, bem como dfidagfio da relacéo
evolutiva entre diferentes espécies.

Em um estudo adicional, apresentado no Capitutoisijidade dos
dados gerados no Capitulo 4 foram testados por gR@Recendo
subsidios para o entendimento dos mecanismos niesude
toxicidade exercidos pelo fenantreno em ostras. Cmsse nas
sequéncias génicas geradas no transcripton@ Beasiliang os niveis
de mMRNA de seis gen&3YP-likee quatroGST-likeforam analisados
em branquia e glandula digestiva de ostras exppsta®4 horas a 100
ng.L't e 1000pug.L™* de fenantreno. Os resultados obtidos mostram o
papel das enzimas de fase | (CYP) e fase Il (G&T)iotransformacgéo
de HPAs em ostras. Ainda, parametros antioxidasmtesnaticos e ndo-
enziméaticos foram analisados, sendo observada edug&o nos niveis
de NPSH e GSH-t nos animais expostos a 1(];)0’1 de fenantreno,
bem como uma diminuigcéo da atividade da GST emgpoiiama menor
concentracdo analisada. Os resultados obtidos esugdiferencas no
mecanismo de resposta de toxicidade entre os taidoqual o papel
da branquia é destacado. Juntos, esses dados €iorress primeiras
informacgdesmoleculares e bioquimicas dos mecanismos e resposta
toxicidade de ostrasC. brasiliana expostas a um contaminante
abundante e amplamente distribuido no meio aquéatico

As informacdes geradas neste trabalho agora serwera base para
futuros esforgos ecotoxicologicos visando a elugdda do papel
funcional de genes identificados, fornecendo sidssigara um melhor
conhecimento cientifico dos mecanismos de toxi@dach moluscos
bivalves. Dessa forma, espera-se contribuir pamorapreensdo de
diferentes aspectos da bioquimica, biologia motgceilda fisiologia da
ostra C. brasiliang bem como de espécies relacionadas. O presente
estudo sugere ainda a utlizagdo da odDa brasiliana para o
biomonitoramento ambiental, utilizando-se tanto ni@occadores
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bioquimicos classicos como os genes candidato®raabtadores de
contaminacao aquatica.

Por fim, cabe ressaltar que embora esta tese torimégrmacoes
inéditas e contribua para a ecotoxicologia aquata é finalizada
abrindo uma ampla gama de possibilidades para n@stsdos,
cumprindo o ciclo da ciéncia, no qual novas perasistio formuladas e
novos horizontes apresentados.

Conclusbes

Capitulo 2

- Ostras,Crassostrea brasilianaexpostas a quatro concentracdes de
fracdo de Oleo diesel acomodada em &agua (FAA) p®rhéras
bioacumularam hidrocarbonetos alifaticos e aroroatide forma
concentracdo-dependente;

- Biomarcadores bioquimicos analisados em branguiglandula
digestiva de ostras seguiram a mesma tendéncia edposta
concentracdo-dependente, com um aumento nas dggdias enzimas
GST, GR e GGT, e na expresséo de Hsp60, além delinmrzuicdo da
SOD e dos niveis de Hsp90;

- Em branquia, GGT e Hsp60 foram os biomarcadoras sensiveis,
enquanto que na glandula digestiva, GST e GR mmastrae mais
responsivos, demonstrando que respostas variamtenidos;

- Os dados de analise quimica em conjunto com sgltados dos
biomarcadores bioquimicos demonstraram a potedadsi de uso da
ostra C. brasiliana como espécie bioindicadora de contaminacao
aquatica.

Capitulo 3

- A utilizacdo da técnica de SSH em glandula digesie ostrasC.
brasiliana expostas a FAA 10% por 24 horas gerou bibliotecas
subtrativas contendo fragmentos de genes indunidogprimidos pela
exposicao;

- Sequéncias anotadas sugerem que o Oleo dieselartoahscricdo de
genes envolvidos na sintese de proteinas, manotepngéitoesqueleto e
sistema imune;

- Oito genes foram escolhidos para validacdo pdR BQantitativo em
tempo real (gPCR), dos quais quatro apresentaraansdricao
diferencial estatisticamente significativa. Destegjene de resposta ao
estresseYSP), e os genes envolvidos na regulagéo da sinteséiqa
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(CFSP2 e USP25, no metabolismo de nucleotideoSDPK-B), e
sistema imunolégico Rrecursor de dominifa sdo candidatos a
biomarcadores de exposi¢éo a 6leo diesel;

- Estudos futuros envolvendo a clonagem complets denes
identificados e validados por gPCR séo necesspas a classificacdo
final dos genes.

Capitulo 4

- 399.391reads em um total de 96.582.549 bp, foram gerados por
pirosequenciamento. Apoés selecdo por qualidadenariao dogeads
246.514 foram utilizados para montageennove resultando em 20.938
contigse 152.77%&ingletons

- Cerca de 36% dosontigs gerados puderam ser anotados através de
buscas por similaridade no banco de dadosl@8l, sendo que 7.401
genes apresentaram similaridade significativa tepras de eucariotos;

- Inferéncias funcionais foram feitas a aproximaeam 86% dos
contigs com 25.046 termos de ontologia dos g€@3) identificados e
276 diferentes vias metabdlicas mapeadas (KEGG);

- Andlise funcional dogontigsresultou na identificacdo preliminar de
41 CYPs, 26 GSTs, 8 SULTs e 9 MRPs classificados em genes
codificadores de proteinas do sistema de biotramsigio de
xenobidticos, além de 28 proteinas do sistema fésaantioxidante;

- Os dados fornecidos neste capitulo resultaram pmnioneiro
transcriptoma referéncia da ostr&. brasiliang aumentando
consideravelmente o numero de sequéncias dispeniesi bancos de
dados para o géne@rassostrea;

- Espera-se, em um curto espago de tempo, mapeaeads no
transcriptoma referéncia visando a identificacdo padrdo de
transcricdo génica global e, assim, entender aribaoigdo de cada
contaminante para o transcriptoma.

Capitulo 5

- Seis novos genes de CYPs e quatro de GSTs idadts no
transcriptoma deC. brasiliana foram utilizados para avaliar o
mecanismo molecular de toxicidade de HPAs em biangglandula
digestiva de ostras expostas a duas concentraki@® (L00Qug.L™) de
fenantreno por 24 horas;

- Os niveis de mMRNA dos gen€¥P-likee GST-like analisados por
gPCR, mostraram um padréo de transcricdo dependemnéeido;

- Genes classificados como CYP das familias 2 € ZSTs das classes
6mega e microssomal 3 foram os mais responsivdsremtreno, com
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fortelindu(;ao na branquia dos animais expostosiéetracdo de 1000
no.L

- Parametros antioxidantes enziméticos e néo-enziogatiforam
analisados, sendo observada uma reducdo nos d&/&li®SH e GSH-t
em ostras expostas a 100§.L"*, bem como uma diminuicdo da GST
em branquias na menor concentragéo analisada;

- A branquia mostrou ser o tecido mais responsigofemantreno,
indicando maiores esforcos de analise neste tecido;

- Os resultados gerados neste capitulo sdo inéditepresentam os
primeiros indicios do papel de enzimas de faséabe Il do sistema de
biotransformacédo de xenobidticos no metabolismdiBAs em ostras
C. brasiliana
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