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RESUMO 
 

A contaminação dos ambientes costeiros apresenta-se como uma 
realidade na extensa costa brasileira. Dejetos e subprodutos das 
mais variadas atividades antrópicas, como os provenientes da 
atuação da indústria do petróleo e da ineficiência na coleta e 
tratamento do esgoto doméstico, provocam danos variados aos 
organismos expostos. Esses compostos químicos podem causar 
alterações biológicas de caráter molecular, celular, fisiológico ou 
ecológico, resultando em efeitos negativos não apenas para as 
comunidades naturais, como para os organismos destinados ao 
consumo humano. Desta forma, a identificação dessas alterações 
pode ser usada como biomarcador de contaminação aquática. O 
presente estudo contribui fornecendo informações para o 
estabelecimento de ferramentas sensíveis e viáveis para estudos 
ecotoxicológicos, através da avaliação de repostas de 
biomarcadores bioquímicos clássicos e da identificação de novos 
genes potenciais candidatos a biomarcadores. Para tal, ostras do 
mangue, Crassostrea brasiliana, foram expostas a diferentes 
contaminantes ambientais. São apresentados os resultados de 
biomarcadores bioquímicos em brânquia e glândula digestiva de 
ostras expostas por 96 horas a quatro concentrações da fração de 
óleo diesel acomodada em água (FAA). As respostas das enzimas 
antioxidantes e de fase II do sistema de biotransformação de 
xenobióticos, em conjunto com aspectos químicos, demonstraram 
que a ostra é capaz de bioacumular hidrocarbonetos alifáticos e 
aromáticos, além de responder a essa bioacumulação de forma 
concentração-dependente. Esses dados indicam um papel 
promissor dessa espécie como bioindicadora em programas de 
biomonitoramento ambiental. Entretanto, como muito pouco é 
conhecido sobre a biologia molecular de C. brasiliana, bibliotecas 
subtrativas de cDNA foram construídas. Esta metodologia 
possibilitou a identificação de 23 novos genes nessa espécie, 
comparando ostras expostas à FAA de óleo diesel por 24 horas e o 
grupo controle. Destes genes, três (protease específica de 
ubiquitina 25 – USP25, precursor de dominina, nucleosídeo 
difosfato quinase B – NDPK-B) foram validados por PCR 



quantitativo em tempo real (qPCR), representando genes de 
interesse para estudos ecotoxicológicos em C. brasiliana. Ainda, 
com o intuito de aumentar as informações gênicas de C. 
brasiliana, a técnica de pirosequenciamento utilizando a 
plataforma 454 foi aplicada em ostras expostas à FAA de óleo 
diesel, ao fenantreno e ao esgoto doméstico. A partir desta 
abordagem metodológica de sequenciamento em grande escala, a 
montagem de novo das leituras geradas produziu o primeiro 
transcriptoma referência de C. brasiliana. Como resultado, 7.401 
novos genes foram identificados, destacando-se os genes 
codificadores de proteínas possivelmente envolvidas no sistema 
de biotransformação de xenobióticos e no sistema de defesa 
antioxidante. Por fim, com o intuito de avaliar a utilidade dos 
dados gerados pelo banco de ESTs, o nível de transcrição de seis 
genes CYP-like e quatro GST-like, previamente identificados no 
transcriptoma referência, foram testados por qPCR, fornecendo 
subsídios para o entendimento dos mecanismos moleculares de 
toxicidade exercidos pelo fenantreno, um hidrocarboneto 
policíclico aromático (HPA) prioritário. Para tal, ostras foram 
expostas a duas concentrações de fenantreno (100 µg.L-1 e 1000 
µg.L-1) por 24 horas. Os resultados obtidos indicam o papel de 
CYPs e GSTs no metabolismo de HPAs, uma vez que o 
tratamento induziu um aumento no nível dos transcritos. A maior 
resposta da brânquia, se comparada à glândula digestiva, sugere 
papéis diferenciados no metabolismo de xenobióticos destes 
tecidos, no qual o papel da brânquia é destacado. Os dados 
apresentados nessa tese demonstram a aplicabilidade do uso de 
biomarcadores bioquímicos e moleculares em estudos 
ecotoxicológicos utilizando a ostra C. brasiliana como 
bioindicador de contaminação aquática. Em última instância, os 
resultados constituem importantes fontes de informação para o 
biomonitoramento de águas contaminadas por derivados de 
petróleo e esgoto doméstico ao longo da costa brasileira. 
 
Palavras-chave: Crassostrea brasiliana, biomarcadores, 
biotransformação de xenobióticos, defesa antioxidante, 
transcriptoma, óleo diesel, fenantreno, esgoto doméstico.



ABSTRACT 
 

Contamination of the coastal marine environments has increased 
significantly along the Brazilian coast. Aquatic organisms are 
therefore continually exposed to by-products derived from a 
variety of human activities, such as petroleum industry and urban 
waste. Chemical contamination is considered to be one of the 
main causes of aquatic degradation, affecting different levels of 
biological organization including the subcellular. Thus, the 
biological responses, termed biomarkers, are used to assess the 
effects of chemical challenge on exposed organisms. The present 
study sheds light on biological information in order to improve 
the scientific basis for ecotoxicological studies. For that purpose, 
we measured the responses of ‘classic’ biochemical biomarkers 
and identified candidate genes for novel biomarker discovery in 
the mangrove oyster, Crassostrea brasiliana, exposed to 
environmental contaminants. The results are presented in four 
separate findings chapters. In Chapter 2, we show the biochemical 
responses and hydrocarbons bioaccumulation of the oyster 
exposed for 96 h to four sublethal concentrations of diesel fuel 
water accommodated fraction (WAF). The results of the 
antioxidant defenses, phase II biotransformation and chaperones 
parameters revealed clear biochemical responses to WAF 
challenge in the gill and digestive gland of oysters. Furthermore, 
the capacity of C. brasiliana to bioaccumulate aliphatic and 
aromatic hydrocarbons in a concentration-dependent manner is a 
strong indication of its suitability as a model in biomonitoring 
programs along the Brazilian coast. However, the genome 
resources for this species are limited. Thus, Chapter 3 shows the 
results and discussion on up- and down-regulation of identified 
genes in cDNA subtractive suppressive hybridization libraries 
from oysters exposed for 24 h to WAF. 23 novel genes were 
identified and three were validated by quantitative real-time PCR 
(qPCR), representing potential new biomarkers for 
ecotoxicological studies using C. brasiliana as bioindicator. 
Aiming to increase the genomic resources for C. brasiliana we 
pyrosequenced expressed genetic transcripts from the gill and 



digestive gland of oysters exposed to 10% WAF, phenanthrene 
and domestic sewage, which are reported in Chapter 4. This 
methodological approach followed by de novo assembly has 
provided extensive genomic information to generate the first 
reference transcriptome for C. brasiliana. We identified 7,401 
new genes, many of which related to the xenobiotics 
biotransformation system and the major antioxidant defence 
proteins. Finally, in Chapter 5 we evaluated the usefulness of the 
output derived from Chapter 4. We selected some putative CYP- 
and GST-related genes to evaluate the molecular mechanisms of 
phenanthrene toxicity in C. brasiliana by means of qPCR. We 
report, for the first time, a tissue-specific response of CYP-like 
and GST-like genes, and enzymatic and non-enzymatic 
antioxidant parameters in C. brasiliana exposed for 24 h to 100 
µg.L-1 and 1000 µg.L-1 phenanthrene, a model PAH. The results 
indicated that 1000 µg.L-1 phenanthrene can lead to the 
upregulation of both phase I and II genes and depletion of non-
antioxidant parameters, with more pronounced effects in the gill. 
The biological responses in C. brasiliana support the use of this 
organism to investigate the molecular mechanism underlying 
PAH toxicity in bivalves. Altogether the results presented in this 
thesis provides insight into the applicability of different 
biochemical and molecular endpoints in oyster for 
ecotoxicological studies, thereby contributing to the definition of 
a better methodology for using the mangrove oyster C. brasiliana 
as a bioindicator organism to assess the potential toxic effects of 
petroleum by-products and domestic sewage along the Brazilian 
coast.  

 
Keywords: Crassostrea brasiliana, biomarkers, xenobiotics 
biotransformation, antioxidant defence, transcriptome, 
pyrosequencing, diesel fuel, phenanthrene, domestic sewage.  
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Capítulo 1 
Introdução geral 
 
Ecotoxicologia aquática: por que e para quê? 

Desde o advento da Revolução Industrial, as sociedades 
vivenciam processos de mudanças cujo ritmo não encontra precedentes 
na história. A infindável gama de possibilidades proporcionada por essa 
nova realidade traz também efeitos negativos, senão devastadores, aos 
ambientes naturais. Para alguns, este novo período é conhecido como 
Antropoceno (ROCKSTRÖM et al., 20091), quando atividades humanas 
passaram a ter um impacto significativo na Terra e no funcionamento de 
seus ecossistemas, culminando com o aparecimento de um inédito 
movimento ambiental global. Um registro importante para o avanço 
dessa nova consciência foi a publicação do livro “Primavera Silenciosa”, 
de Rachel Carson, em 1962, despertando interesse para os efeitos 
tóxicos de compostos químicos em populações naturais, que passaram a 
ser frequentemente identificados em diferentes partes do mundo 
(COLBORN; DUMANOSKI; MYERS, 1996). Na medida em que as 
evidências da toxicidade de compostos químicos em ambientes naturais 
iam se tornando inquestionáveis, o processo de conhecimento foi 
avançando e se especializando. Assim, ocorreu a separação da 
toxicologia clássica em um novo ramo, a ecotoxicologia (WALKER et 
al., 1996). Com termo cunhado por René Truhaut, em 1969, e fazendo 
uma alusão às palavras “ecologia” e “toxicologia”, a ecotoxicologia 
pode ser definida como o ramo da toxicologia cujo objetivo é entender e 
prever os efeitos causados por compostos químicos em comunidades 
naturais sob pressão antrópica (CHAPMAN, 2002).  

De acordo com uma estimativa recente sobre o número de 
substâncias químicas existentes hoje no mundo, Binetti, Costamagna e 
Marcello (2008) chegaram à alarmante cifra de 60 milhões de químicos 
diferentes, sendo que 4.000 novos são produzidos todos os dias. Embora 
nem todas as substâncias tenham como destino final os ambientes 
naturais, muito pouco é conhecido sobre seus efeitos toxicológicos, 
sendo este um enorme desafio às agências ambientais em todo o mundo 
(JUDSON et al., 2009). De fato, Binetti, Costamagna e Marcello (2008) 
estimaram que apenas 10% dos químicos atualmente conhecidos foram 
avaliados - quanto a sua toxicidade - por órgãos competentes na Europa 
e Estados Unidos, indicando uma lacuna de informação que urge por 
respostas. Nesse contexto, os ecossistemas aquáticos apresentam-se 
                                                           
1 As referências bibliográficas utilizadas neste capítulo estão listadas no final da tese. 
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como os mais vulneráveis, pois são considerados os receptores finais de 
substâncias químicas provenientes das mais variadas fontes 
(WINSTON; DI GIULIO, 1991).  

Considerando essa notória suscetibilidade dos ecossistemas 
aquáticos, uma ênfase crescente vem sendo dada ao desenvolvimento de 
métodos para avaliar e compreender os efeitos causados por diferentes 
tipos de químicos sobre organismos aquáticos. Esse movimento teve 
início na década de 30, quando alguns pesquisadores realizaram uma 
série de observações empíricas para avaliar os efeitos tóxicos de 
substâncias químicas em peixes (MACEK, 1980). Sem regulamentação, 
as experimentações não apresentavam status de ciência e foram, por 
muitos anos, negligenciadas e até vistas com certa descrença nos 
corredores acadêmicos da época. Apenas recentemente, na década de 70, 
uma nova área da emergente ecotoxicologia foi proposta, dando origem 
à ecotoxicologia aquática (MACEK, 1980). Segundo Zagatto e 
Bertoletti (2006), este ramo foi criado com o intuito de identificar e 
compreender os mecanismos de toxicidade dos compostos químicos no 
meio aquático, bem como diagnosticar a qualidade ambiental, e, ainda, 
prever impactos nesses ambientes. Neste cenário, que combina alta 
exposição de ecossistemas vulneráveis a atividades humanas com um 
acelerado crescimento populacional - evidenciado pela extraordinária 
marca de sete bilhões de habitantes recentemente atingida 
(TOLLEFSON, 2011), a ecotoxicologia aquática caracteriza-se como 
uma área com desafios extremos e de elevada importância para a 
sociedade moderna. 

 
Contaminação aquática e monitoramento ambiental  

É evidente a dependência do homem por bens e serviços 
ambientais (HALPERN et al., 2008). Estima-se, por exemplo, que o 
valor monetário global dos serviços ambientais ultrapasse os 33 trilhões 
de dólares por ano, dos quais 21 relacionam-se a serviços provenientes 
de ecossistemas marinhos, o que é consideravelmente maior que os 18 
trilhões de dólares gerados anualmente na economia mundial 
(estimativas para o ano de 1997; CONSTANZA et al., 1997). No 
entanto, ao explorar serviços ambientais, inevitavelmente deixa-se um 
rastro de interferências antrópicas nos ambientes naturais (DONEY, 
2010). De fato, Halpern et al. (2008) mapearam todas as regiões 
costeiras e oceânicas do globo e, através de técnicas de modelagem 
utilizando diversos descritores ambientais e indicadores de impacto, 
identificaram que atualmente não há área livre de influência humana 
(Figura 1). Segundo os mesmos autores, aproximadamente 41% dos 
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ecossistemas aquáticos sofrem com impactos de média a alta magnitude, 
os quais se localizam, principalmente, em regiões densamente ocupadas 
e industrializadas.  

De acordo com a Figura 1 (fonte: HALPERN et al., 2008), 
atualmente toda a costa brasileira pode ser classificada como média ou 
altamente impactada, e algumas regiões, como a Sudeste, apresentam 
níveis alarmantes de influência humana. Por este cenário, a costa 
brasileira merece especial atenção, tendo em vista que atuais tendências 
de crescimento econômico associadas à expectativa de intensa 
exploração de novas áreas petrolíferas expõem o país a uma situação de 
potencial risco ambiental. Adicionalmente, ainda que o crescimento 
observado nos últimos anos seja inquestionável, o Brasil continua sendo 
um país em desenvolvimento, cujas necessidades essenciais, como 
saneamento básico, por exemplo, estão muito aquém da demanda hoje 
existente (BAER, 2008). Diante dessa combinação de vetores de 
impacto, que vão da crescente exploração do petróleo à alarmante 
carência de infra-estrutura básica, medidas preventivas são capitais para 
avaliar, monitorar, e em muitos casos evitar atividades impactantes 
sobre nossos ecossistemas, especialmente os costeiros.  

 
Figura 1. Mapa global do impacto antrópico em 20 tipos de ecossistemas 
costeiros e oceânicos. Em destaque as regiões fortemente impactadas no Caribe, 
no Mar do Norte, e em águas japonesas, e uma das menos impactadas (no 
quadrado à direita) na Austrália. Os números referem-se à escala de impacto 
acumulado definida pelos autores, variando do menos impactado (azul) ao mais 
impactado (vermelho). (Fonte: HALPERN et al., 2008; tradução nossa).  
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Dentre os impactos antropogênicos nas regiões costeiras, a 
contaminação aquática caracteriza-se como uma das mais complexas e, 
portanto, mais desafiadoras de se avaliar. Dejetos e subprodutos das 
mais variadas atividades, como os provenientes da atuação da indústria 
do petróleo e da ineficiência na coleta e tratamento do esgoto doméstico, 
compreendem misturas complexas, que quando não tratados e lançados 
diretamente no ambiente, podem exercer danos variados nos organismos 
expostos. Esses compostos químicos, tecnicamente chamados de 
xenobióticos, podem causar alterações biológicas em nível molecular, 
celular ou fisiológico, resultando em um efeito negativo não apenas nas 
comunidades animais e vegetais naturais, como nos organismos 
cultivados e destinados para o consumo humano (MOORE et al., 2004).  

Os impactos da indústria petrolífera decorrem tanto de exposição 
aguda quanto crônica aos seus efluentes. Acidentes ambientais, como 
derrames de petróleo e seus derivados, constituem a principal fonte de 
contaminação aguda e estão relacionados a impactos na biota aquática e 
nos ecossistemas como um todo (KENNISH, 1992). Em escala mundial, 
destacam-se alguns acidentes: a colisão entre os petroleiros Atlantic 
Empress e Aegean Captain em julho de 1979, derramando 287.000 m3 
de óleo na costa de Trinidad e Tobago; o derramamento de cerca de 
260.000 m3 de petróleo na costa da Angola em maio de 1991; o 
rompimento do tanque Prestige na costa da Espanha em 2002 
derramando mais de 60.000 m3 de óleo combustível; e o acidente 
envolvendo o petroleiro Exxon Valdez, quando em 1989 derramou sua 
carga de aproximadamente 37.000 m3 de petróleo na costa do Alasca 
(ITOPF, 2010). Entretanto, o caso mais dramático é o recente acidente 
no Golfo do México, Estados Unidos. Neste evento, uma plataforma da 
British Petroleum localizada na costa americana explodiu, resultando no 
derrame de cerca de 780.000 m3 de petróleo entre os meses de abril e 
julho de 2010. Para alguns, este é considerado o maior desastre 
ambiental envolvendo a atuação da indústria do petróleo, tendo em vista 
a localização do acidente e a ampla dispersão do produto (ANTONIO; 
MENDES; THOMAZ, 2011; BARRON, 2011). No Brasil, destacam-se: 
o derrame de aproximadamente 1.300 m3 de óleo combustível marítimo 
na Baía da Guanabara, Rio de Janeiro, em janeiro de 2000 (MENICOM 
et al., 2002); o derramamento de cerca de 7.200 m3 de petróleo no Canal 
de São Sebastião, São Paulo, em março de 2000; o vazamento de 4.000 
m³ de petróleo devido ao rompimento de um oleoduto da Refinaria 
Presidente Vargas (REPAR), localizada no Paraná, em julho do mesmo 
ano; e em novembro de 2004, o navio-tanque Vicuña, de bandeira 
chilena, que sofreu uma explosão no porto de Paranaguá (Paraná) 
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resultando no derrame de mais de 6.500 m³ de litros de diferentes tipos 
de óleo e metanol. Segundo Filho (2006), impactos severos nos 
ecossistemas adjacentes foram registrados em todos os eventos. 

Embora acidentes envolvendo a atuação da indústria do petróleo 
tenham grande destaque na mídia, a contaminação crônica corresponde à 
maior parcela de petróleo introduzida nos ecossistemas costeiros. De 
acordo com Gabardo (2007) e Tiburtius et al. (2005), o aporte crônico 
de petróleo e seus derivados pode ocorrer através do escoamento 
urbano, de efluentes industriais e domésticos, da navegação, do 
transporte e da produção em áreas offshore, além de pequenos e 
contínuos vazamentos de combustíveis em pontos de distribuição. Como 
a maior parte do consumo de petróleo ocorre em terra, os rios, sistemas 
de drenagem de águas pluviais e de esgotamento sanitário carreiam a 
maior parcela de óleo que chega aos ecossistemas costeiros (FILHO, 
2006; LATIMER; ZHENG, 2003). Porém, vale ressaltar que muitos 
destes compostos também ocorrem naturalmente na região costeira e 
oceanos por exsudação natural de petróleo (BURGESS; AHRENS; 
HICKEY, 2003). 

Dentre os derivados do petróleo, o óleo diesel apresenta-se como 
um potencial contaminante de ecossistemas aquáticos pela sua utilização 
como combustível marítimo de pequenas e médias embarcações, e 
navios. Além disso, efluentes contendo óleo diesel constantemente 
atingem as regiões costeiras como consequência de sua utilização como 
combustível de veículos rodoviários e máquinas em geral (KENNISH, 
1992). Vale salientar que hoje, no Brasil, aproximadamente 40% da 
energia consumida é proveniente do petróleo e derivados, dos quais o 
óleo diesel apresenta elevada representatividade. Segundo recente 
relatório sobre o balanço energético no país desenvolvido pelo 
Ministério de Minas e Energia, o óleo diesel é o principal combustível 
utilizado tanto no setor de transportes (48,65%), como no agropecuário 
(58,2%) (BEN, 2011). A demanda por óleo diesel é crescente tendo em 
vista o aumento da frota rodoviária nacional em 41,2% para veículos 
pesados, e 10,6% para veículos leves em relação ao ano de 2009 (BEN, 
2011), o que igualmente representa um potencial aumento no aporte de 
contaminantes nos ambientes costeiros.  

De acordo com Neff (2002), o óleo diesel, também chamado de 
óleo n° 2, é considerado um óleo de densidade média, composto 
basicamente por hidrocarbonetos alifáticos (HAs) e aromáticos. Dentre 
os aromáticos, os monocíclicos ou BTEX (benzeno, tolueno, etilbenzeno 
e xilenos), que apresentam apenas um anel aromático, são os mais 
abundantes, seguidos pelos policíclicos (HPAs). Destes, os mais 
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representativos são aqueles que contêm de dois a quatro anéis (NEFF; 
STOUT; GUNSTER, 2005). Dentre os HPAs, o naftaleno e fenantreno, 
e seus derivados metilados e/ou alquilados, são os mais frequentemente 
encontrados no óleo diesel (IRWIN et al., 1997a; VANZELLA; 
MARTINEZ; CÓLUS, 2007). 

No ambiente aquático, o óleo diesel pode promover sérios 
distúrbios nos organismos expostos, tanto por meio da fração insolúvel 
em água, que pode, por exemplo, comprometer as trocas gasosas quando 
em contato com as brânquias (PACHECO; SANTOS, 2001), como pela 
fração hidrossolúvel, através da biodisponibilização de HAs e HPAs 
(BARRON et al., 1999; MEADOR, 2003; SIMONATO; GUEDES; 
MARTINEZ, 2008). Segundo Neff (2002), embora os HAs exerçam 
efeitos narcóticos nos organismos, são os BTEX que merecem atenção 
em termos de risco ambiental. Ainda que voláteis, estes compostos 
apresentam moderada solubilidade em água e são rapidamente 
bioacumulados e eliminados, podendo exercer efeitos tóxicos nos 
organismos expostos (NEFF, 2002). Por outro lado, mesmo que pouco 
representativos quando comparados aos HAs e BTEX, os HPAs são 
considerados os componentes de maior toxicidade aos organismos 
aquáticos (FRANCIONI et al., 2007a, 2007b; MEADOR, 2003; NEFF, 
2002). Dentre seus efeitos tóxicos, os relacionados a processos 
genotóxicos (AKCHA et al., 2000; MACHELLA; REGOLI; 
SANTELLA, 2005), carcinogênicos (AAS et al., 2000; AKCHA et al., 
2003; DI et al., 2011), e no estabelecimento de estresse oxidativo 
(BARŠIENĖ et al., 2006; CAJARAVILLE et al., 2006; FROUIN et al., 
2007; LIVINGSTONE, 2001, 2003; VAN DER OOST; BEYER; 
VERMEULEN, 2003) são comumente relatados.  

Componentes químicos do petróleo e seus derivados também 
merecem atenção sob a ótica da ecotoxicologia aquática. Dentre eles, 
destaca-se o fenantreno, um hidrocarboneto aromático tricíclico, 
semivolátil, abundante e amplamente distribuído no meio aquático, além 
de ser considerado um composto tóxico para diversos organismos 
aquáticos (IRWIN et al., 1997b; MIRANDA, 2008). De fato, estudos 
recentes demonstraram seus efeitos no sistema imunológico de 
moluscos bivalves (HANNAM et al., 2010), e no estabelecimento de 
estresse oxidativo em peixes (JEE; KANG, 2005; OLIVEIRA; 
PACHECO; SANTOS, 2008; SUN et al., 2006; YIN et al., 2007) e 
microcrustáceos (FELDMANNOVÁ et al., 2006; NEWSTED; GIESY, 
1987). Alterações comportamentais também foram recentemente 
relatadas em peixes (CARVALHO et al., 2008; CORREIA et al., 2007), 
fornecendo importantes evidências experimentais sobre a toxicidade do 
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fenantreno, indicando seu potencial para danos ecológicos. Outra 
importante característica deste composto refere-se à sua estrutura 
química. Apesar de não apresentar propriedade carcinogênica, o 
fenantreno possui a região de baía, característica também presente em 
outros HPAs considerados carcinogênicos, como o benzo[a]pireno 
(BaP) (ZHONG, 2011). É, portanto, considerado um bom modelo para 
estudos do metabolismo de HPAs (SCHOBER et al., 2010), sendo 
classificado como um poluente prioritário pela US EPA (2009). 

Além de derivados de petróleo, ambientes aquáticos são 
constantemente impactados pelo esgoto doméstico. Segundo Chaler e 
colaboradores (2004), estes efluentes compreendem misturas complexas 
de diferentes classes de químicos, os quais incluem HPAs, 
organoclorados, bifenilas policloradas, metais traço, detergentes, 
pesticidas, além de fármacos e produtos de higiene pessoal. Ainda, 
potenciais desreguladores endócrinos, ou seja, compostos sintéticos ou 
naturais com capacidade de alterar o sistema endócrino dos animais 
podem ser encontrados no esgoto doméstico (BOGERS et al., 2007), 
além da contaminação biológica por patógenos virais e bacterianos 
(PARASHAR et al., 2003). Neste sentido, a avaliação dos efeitos 
tóxicos em organismos expostos ao esgoto constitui um dos maiores 
desafios para a ecotoxicologia aquática atual. No Brasil, este desafio é 
ainda mais evidente, tendo em vista a insuficiência - como já citado - na 
oferta de serviços de saneamento básico. Uma pesquisa recentemente 
realizada pelo Ministério das Cidades (PNSB, 2010) reforçou a 
problemática no país, demonstrando que pouco mais da metade dos 
municípios brasileiros (55,2%) apresentam serviço de esgotamento 
sanitário. É importante salientar que a pesquisa refere-se apenas à 
existência do serviço no município, sem considerar a extensão da rede, 
a qualidade do atendimento, ou se o esgoto, depois de recolhido, é 
tratado (PNSB, 2010). Neste sentido, o cenário apresenta-se ainda 
mais crítico.  

Tendo em vista as complexas fontes de contaminação do meio 
aquático, há, atualmente, crescente demanda por ferramentas sensíveis 
para avaliação dos impactos antrópicos nas populações naturais 
ameaçadas. Neste contexto, programas de biomonitoramento ambiental 
são propostos com o intuito de alertar e prevenir danos nos ecossistemas 
costeiros, recomendando: 1) o uso de organismos bioindicadores de 
contaminação; 2) a realização de análises químicas, que determinam 
analiticamente a concentração dos contaminantes; 3) e a investigação de 
parâmetros biológicos, como a utilização de biomarcadores de 
contaminação aquática, que reflitam os impactos dos xenobióticos nos 
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organismos expostos (ICES, 2004; LAW et al., 2011; MARTÍN-DÍAZ 
et al., 2004; OLF, 2005).  

 
Organismos aquáticos como bioindicadores de contaminação 
ambiental 

Em um cenário ideal, o monitoramento ambiental avaliaria 
mudanças na estrutura e composição das comunidades biológicas frente 
a qualquer perturbação ambiental. Entretanto, em um cenário real, o 
tempo necessário para se conhecer as respostas dos vários grupos de 
organismos presentes em um determinado ambiente seria demasiado 
longo. Assim, múltiplos grupos taxonômicos têm sido utilizados com o 
intuito de aperfeiçoar a avaliação da qualidade ambiental 
(ROSENBERG; RESH, 1993). Segundo Beeby (2001), esses 
organismos apresentam diferentes denominações, as quais diferem 
conforme sua aplicação: monitores, quando organismos são utilizados 
para indicar algum efeito adverso nas suas funções, tais como em 
parâmetros fisiológicos e bioquímicos; sentinela, quando, através de 
análises químicas, os organismos podem refletir concentrações de 
contaminantes biodisponíveis no ambiente; e indicadores, que, com um 
cunho mais ecológico, acusam mudanças nas estruturas populacionais 
causadas pelo impacto antrópico. Entretanto, nesta tese escolhemos o 
termo comumente utilizado em estudos ambientais: bioindicadores 
(LAW et al., 2011). Segundo Holt e Miller (2011), bioindicador é 
qualquer espécie, comunidade ou processo biológico utilizado para 
avaliar a qualidade ambiental, identificando potenciais alterações ao 
longo do tempo. 

No ambiente aquático, dois grupos de animais são 
predominantemente utilizados como bioindicadores de contaminação: 
peixes e moluscos bivalves. Isso porque ambos contam com 
mecanismos de bioacumulação e biomagnificação (FERNANDES et al., 
2007; HEDOUIN et al., 2006; WEISBROD et al., 2007). Peixes estão 
presentes em praticamente qualquer corpo d’água, possuem uma vasta 
variedade de nichos ecológicos entre as espécies, além de transportarem 
os contaminantes do meio aquático para o terrestre através do processo 
de biomagnificação ao longo da cadeia trófica (PADMINI, 2010). Por 
outro lado, os bivalves, como ostras e mexilhões, são amplamente 
utilizados como bioindicadores por apresentarem ampla distribuição 
geográfica e hábito filtrador, o que acarreta em altas taxas de 
acumulação de contaminantes em seus tecidos (ICES, 2004; 
SHEEHAN; POWER, 1999). Além disso, são cosmopolitas, sésseis, 
eurialinos, facilmente amostrados e representam um importante recurso 
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nutricional e econômico para as populações humanas em regiões 
costeiras (BAINY et al., 2000; CHEUNG et al., 2001; ICES, 2004).  

Na costa brasileira, esforços têm sido direcionados para a escolha 
de espécies que apresentem tanto interesse econômico como ecológico. 
Nesse contexto, a ostra do mangue, Crassostrea brasiliana (Lamarck, 
1819), merece destaque. Segundo Ferreira e Neto (2006), além de 
cultivado com sucesso, este bivalve apresenta boa taxa de sobrevivência 
no estado de Santa Catarina, fato este corroborado por Pie et al. (2006) 
para as demais regiões do país. Ainda, esta espécie caracteriza-se por 
habitar regiões estuarinas e de manguezais, as quais, sabidamente, são 
expostas a aportes periódicos de contaminantes de variadas fontes. 
Ademais, apresenta ampla distribuição geográfica, sendo encontrada 
desde o sul do Brasil até o Pará (região norte), indicando sua 
potencialidade de uso em programas de biomonitoramento ambiental na 
costa brasileira (LAZOSKI, 2004). Considerando os aspectos 
supracitados, a ostra C. brasiliana foi escolhida como organismo 
modelo para os experimentos mostrados nesta tese (LÜCHMANN et al., 
2011). 

 
Biomarcadores de contaminação aquática 

Em um contexto ecotoxicológico, biomarcadores são definidos 
como alterações biológicas de caráter molecular, celular ou fisiológico 
que expressam os efeitos tóxicos causados pelos contaminantes 
ambientais (WALKER et al., 1996). Tendo em vista a imediata resposta 
biológica no nível subindividual, Huggett et al. (1992) destacam o papel 
dos biomarcadores como sinalizadores da degradação ambiental, com 
potencial para prever danos em níveis maiores de organização ecológica, 
como populações e comunidades biológicas (RAND, 1995). Em termos 
práticos, os biomarcadores compreendem ferramentas com a função de 
refletir a interação entre o sistema biológico e os xenobióticos presentes 
no ambiente. 

As vantagens no uso de biomarcadores em estudos 
ecotoxicológicos e programas de biomonitoramento ambiental referem-
se, na maioria dos casos, a um menor custo associado à maior rapidez e 
facilidade das técnicas quando comparadas às tradicionais análises 
químicas, além de detectar mudanças antes do nível populacional 
(GALLOWAY et al., 2002). Ainda, Mayeux (2004) enfatiza que o uso 
de biomarcadores pode aumentar a sensibilidade de resposta como 
estimativa do grau de exposição ou análise de risco. Entretanto, algumas 
desvantagens podem ser identificadas. Por exemplo, as respostas de 
biomarcadores podem variar de acordo com alterações nas condições 
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ambientais, como variações naturais de salinidade, temperatura e pH, 
estação do ano, além da interferência de fatores biológicos, como 
tamanho, gênero e estágio reprodutivo do organismo bioindicador, 
gerando incertezas nos resultados obtidos (MARTÍN-DÍAZ et al., 2004). 
Ainda, há relatos de significativa variabilidade interindividual, 
especialmente quando se analisa populações provenientes de ambientes 
naturais (TALEB et al., 2009; WEBB; GAGNON, 2009). Assim, 
esforços devem ser direcionados no sentido de promover um maior 
conhecimento da variabilidade natural dos biomarcadores nas espécies 
bioindicadoras, bem como estabelecer métodos com alto grau de 
sensibilidade e reprodutibilidade.  

 
Biomarcadores bioquímicos  

Muito xenobióticos ambientais são lipofílicos, o que faz com que 
sejam rapidamente absorvidos pelos organismos aquáticos através das 
membranas lipídicas de diferentes tecidos. Assim, a presença de um 
elaborado sistema bioquímico de biotransformação parece ser o 
principal mecanismo de proteção celular dos organismos expostos a 
esses compostos. Neste sistema, cujas enzimas apresentam elaborado 
nível de organização nos compartimentos celulares, os contaminantes 
são metabolizados, facilitando assim o processo de eliminação 
(SACCO, 2006). Dentro das células, as enzimas localizam-se, 
principalmente, no citoplasma e membranas de organelas, como retículo 
endoplasmático e mitocôndria, além de membranas citoplasmáticas. 
Segundo Sacco (2006), o metabolismo de xenobióticos constitui um 
fator crucial no destino e toxicidade do composto químico em um 
organismo, determinando sua rota metabólica: a biotransformação, e 
potencial excreção, ou bioacumulação nas células adiposas. Nesse 
sentido, o entendimento do sistema de biotransformação em organismos 
aquáticos representa um dos principais alvos em estudos 
ecotoxicológicos. 

O processo de biotransformação de xenobióticos é formado por 
enzimas de fase I, II e III. As de fase I, conhecidas como 
monooxigenases e constituídas, principalmente, pelo sistema citocromo 
P450 (CYP) e flavina-monoxigenases (FMOs) (NIYOGI et al., 2001), 
desempenham papel central na metabolização de xenobióticos 
lipofílicos, tornando-os hidrofílicos através de reações de detoxificação 
ou bioativação (OMIECINSKI et al., 2011). Após esta fase de ativação, 
os xenobióticos eletrofílicos podem ser conjugados a várias moléculas 
endógenas, como a glutationa (GSH), reduzindo sua toxicidade. Esta 
reação de conjugação pode ser catalisada por um conjunto de enzimas 
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de fase II, tais como a glutationa S-transferase (GST), resultando em 
produtos mais hidrossolúveis, permitindo que o sistema de transporte de 
fase III elimine estes conjugados para o meio extracelular 
(FITZPATRICK et al., 1997; HAYES; FLANAGAN; JOWSEY, 2005). 
Na fase III de biotransformação de xenobióticos, proteínas de 
membrana, componentes do sistema de resistência a múltiplos 
xenobióticos (multixenobiotic resistance – MXR), expulsam os 
xenobióticos da célula (LUCKENBACH; EPEL, 2008).  

Dentre as enzimas supracitadas, CYPs e GSTs são largamente 
utilizadas como biomarcadores de contaminação (BEBIANNO; 
BARREIRA, 2009; VAN DER OOST; BEYER; VERMEULEN, 2003). 
No entanto, o mecanismo de ação e as potenciais diferenças quanto a 
especificidade e magnitude de resposta ainda não foram totalmente 
elucidadas em organismos aquáticos. Parte desta problemática refere-se 
à complexidade de ambas as famílias de enzimas. Por exemplo, 
componentes do sistema CYP compreendem uma complexa 
superfamília de enzimas, que em humanos é formada por 57 isoformas 
distribuídas em 18 famílias e 42 subfamílias (NEBERT; RUSSELL, 
2002; OMIECINSKI, 2011), enquanto as GSTs são classificadas em 
sete classes de enzimas citosólicas, além de isoformas mitocondriais e 
microssomais (HAYES; FLANAGAN; JOWSEY, 2005). Entretanto, em 
comparação a modelos mamíferos, permanece em aberto o número total 
de CYPs e GSTS existentes em moluscos bivalves (MIAO et al, 2011; 
ZANETTE et al., 2010). Dessa maneira, ainda é difícil definir 
precisamente as funções catalíticas ou a importância fisiológica e 
toxicológica exercida por estas enzimas nestes organismos.  

As defesas antioxidantes constituem sistemas bioquímicos que 
tendem a proteger as células contra os efeitos deletérios de espécies 
reativas de oxigênio (EROs). As EROs incluem radicais livres derivados 
do O2, como o radical ânion superóxido (O2

.-), o oxigênio singlete (1O2) 
e o radical hidroxila (.OH), bem como os derivados não radicalares, 
como o peróxido de hidrogênio (H2O2). Uma vez formadas, as EROs 
podem reagir com diferentes alvos celulares levando à formação de 
lesões oxidativas em proteínas, DNA e lipídios (ALMEIDA et al., 2007; 
HALLIWELL; GUTTERIDGE, 2007). Assim, a célula possui um 
complexo sistema de detoxificação de EROs, formada tanto por 
moléculas não-enzimáticas, como a glutationa (GSH), como por 
enzimas com funções definidas neste processo. Especificamente, a 
enzima superóxido dismutase (SOD) remove o radical ânion superóxido, 
enquanto as enzimas catalase (CAT) e glutationa peroxidase (GPx) 
atuam na detoxificação do peróxido de hidrogênio (BRAY; LEVY, 
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2000). Adicionalmente, esse sistema conta com enzimas 
complementares, tais como a glutationa redutase (GR) que, como o 
próprio nome sugere, catalisa a redução da glutationa oxidada (GSSG) 
em sua forma reduzida (GSH), além da enzima glicose-6-fosfato 
desidrogenase (G6PDH), que fornece a nicotinamida‐adenina 
dinucleotídeo fosfato reduzida (NADPH) como equivalente redutor para 
a conversão de GSSG em GSH. Ainda, a enzima γ-glutamil 
transpeptidase (GGT) é responsável pela transferência de grupos 
glutamil da GSH para inúmeros aminoácidos ou peptídeos, além de 
fornecer resíduos de cisteína para síntese protéica através da degradação 
da glutationa (LIU et al., 1998). 

Na célula, as EROs podem ser naturalmente formadas durante o 
processo de fosforilação oxidativa para obtenção de energia, ação 
fagocitária de células de defesa e reações enzimáticas (STOREY, 1996). 
Entretanto, a produção dessas espécies tóxicas pode ser aumentada pela 
presença de certas classes de xenobióticos, como consequência das 
reações de biotransformação de compostos orgânicos, tais como 
quinonas e HPAs, e ainda, pela presença de íons metálicos livres 
gerando ciclos de reações oxidativas (AKCHA et al., 2003; PADMINI, 
2010; REGOLI et al., 2002; WALKER et al., 2011). De fato, estudos 
realizados em organismos aquáticos demonstraram a indução de estresse 
oxidativo causada pela exposição a contaminantes ambientais 
(ANSALDO; NAJLE; LUQUET, 2005; BAINY et al., 1996; GALAR-
MARTINEZ et al., 2010; NOGUEIRA et al., 2011). Segundo Halliwell 
e Gutteridge (2007), o estresse oxidativo é definido como um 
desequilíbrio entre a produção de EROs e as defesas antioxidantes, com 
consequente efeito em diferentes funções celulares. De acordo com 
Badmini (2010), alterações no sucesso reprodutivo, aumento na 
suscetibilidade a doenças e, em última instância, na sobrevivência dos 
organismos são alguns dos efeitos observados em animais sob condições 
de estresse oxidativo. Dessa forma, essa condição biológica resulta em 
uma série de implicações ecológicas para as comunidades naturais, o 
que reforça a importância de se avaliar parâmetros antioxidantes em 
animais expostos a contaminantes ambientais.  

A indução da síntese de proteínas de estresse ou proteínas de 
choque térmico (heat shock proteins - Hsp) também está incluída entre 
os biomarcadores bioquímicos para avaliação da contaminação aquática. 
A estrutura altamente conservada dessas proteínas entre diferentes 
táxons sugere que elas desempenham um papel essencial na manutenção 
de processos celulares. Por exemplo, sob condições normais na célula, 
as Hsp podem atuar como chaperonas, estabilizando os intermediários 
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de polipeptídeos recém sintetizados. Essas proteínas atuam ainda, na 
transdução de sinais, no transporte de proteínas, na estabilização de 
fatores de transcrição e contra o efeito proteotóxico causado por uma 
grande variedade de agentes estressores físicos e químicos (IVANINA; 
SOKOLOVA; SUKHOTIN, 2008; PANTZARTZI et al., 2010; PRATT, 
1997; SNYDER; GIRVETZ; MULDER, 2001). Conforme seu peso 
molecular (em kDa, quilodalton) as Hsp podem ser divididas em sete 
famílias: Hsp10, pequenas Hsp (com peso entre 15 e 35 kDa), Hsp40, 
Hsp60, Hsp70, Hsp90 e Hsp110 (PADMINI, 2010). Destas, as Hsp10 e 
Hsp60 são mitocondriais, enquanto as demais são essencialmente 
citoplasmáticas. Sob o ponto de vista ecotoxicológico, as famílias mais 
bem estudadas em animais aquáticos são: as Hsp60, que se mostraram 
fortemente induzíveis por metais no mexilhão Perna perna (FRANCO 
et al., 2006) e por derivados de petróleo no rotífero Brachionus plicatilis 
(WHEELOCK et al., 2002); as Hsp70, com menores níveis da proteína 
identificados em ostras Crassostrea gigas expostas a metais (BOUTET 
et al., 2003) e peixes Oreochromis niloticus mantidos em ambiente 
potencialmente contaminado (FRANCO et al., 2010); e Hsp90, que 
assim como as Hsp70, apresentaram níveis menores da proteína, em 
relação ao grupo controle, em ostras Crassostrea virginica tratadas com 
cádmio (IVANINA; TAYLOR; SOKOLOV, 2009) - embora Choi, Jo e 
Choi (2008) tenham observado um padrão oposto quando ostras C. 
gigas foram expostas ao mesmo metal. 

 
Biomarcadores moleculares 

Paralelamente à utilização de biomarcadores bioquímicos, 
técnicas disponibilizadas pela ciência genômica estão sendo 
padronizadas e aplicadas em estudos ecotoxicológicos, com o intuito de 
compreender os mecanismos moleculares envolvidos nas respostas 
tóxicas de organismos expostos a contaminantes ambientais (ÁLAMO 
et al., 2012; CHAPMAN, et al. 2011). A ecotoxicogenômica, área que 
compreende o emprego das ferramentas de genômica em estudos de 
ecotoxicologia, apresenta vantagens frente aos biomarcadores 
bioquímicos clássicos, uma vez que respostas bioquímicas podem ser 
inespecíficas ao contaminante avaliado (SNAPE et al., 2004). 
Historicamente, os biomarcadores normalmente utilizados em 
programas de biomonitoramento ambiental são provenientes da 
toxicologia clássica e são destinados, em última instância, à avaliação e 
previsão dos efeitos tóxicos de fármacos e químicos ambientais na saúde 
humana (FORBES; PALMQVIST; BACH, 2006). Nestes programas, 
potenciais problemas na interpretação de dados, e consequentemente na 
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avaliação de risco ambiental, podem ser enfrentados quando são 
avaliadas espécies cujas respostas e mecanismos moleculares de 
toxicidade são pouco conhecidos. Dessa forma, a ecotoxicogenômica 
apresenta-se como uma área promissora em estudos ambientais, uma vez 
que fornece subsídios tanto para a identificação da relação de dose-
resposta para cada classe de contaminante, como para o reconhecimento 
da potencial variação de respostas entre espécies, e o entendimento das 
vias metabólicas envolvidas nos mecanismos de toxicidade (VAN 
AGGELEN et al., 2010). Ainda, novos e específicos biomarcadores 
podem ser identificados, contribuindo para o estabelecimento de 
diretrizes e prioridades junto a agências reguladoras ambientais (VAN 
AGGELEN et al., 2010).  

Técnicas de “ômica” incluem uma ampla variedade de 
plataformas metodológicas visando análises de genomas, transcritos, 
metabólitos e proteínas, que, por sua vez, constituem as respectivas 
áreas de estudo atualmente denominadas genômica, transcriptômica, 
metabolômica e proteômica (NRC, 2007). Basicamente, essas áreas 
constituem a chamada “era pós-genômica”, cujo marco inicial é 
considerado o sequenciamento do primeiro genoma humano em 2001 
(VENTER et al., 2001). Seus termos representam neologismos com o 
emprego do sufixo "oma" ou "ômica", que em grego significam "todo", 
"completo" ou "inteiro" (AMARAL et al., 2006). Dentro do enfoque da 
ecotoxicogenômica, e com o auxílio da bioinformática, essas abordagens 
“holísticas” focam principalmente na transcrição diferencial e na 
identificação de genes em organismos expostos a diferentes classes de 
contaminantes ambientais por ferramentas de transcriptoma (JAYAPAL 
et al., 2010; SNAPE et al., 2004).  

Tradicionalmente, projetos de transcriptoma de organismos cujo 
genoma permanece desconhecido, ou pouco caracterizado, baseiam-se 
na geração e caracterização de etiquetas de sequências transcritas 
(expressed sequence tags - ESTs) (BOUCK; VISION, 2007; BURNETT 
et al., 2007; JOUBERT et al., 2010; ROBERTS et al., 2009; VENIER et 
al., 2006, 2009). Estas sequências parciais chamadas ESTs são resultado 
do sequenciamento de DNA complementar (cDNAs), e representam o 
conjunto de RNA mensageiros (mRNA) produzidos por um organismo 
em um determinado tempo, local ou condição ambiental. Nesse sentido, 
bibliotecas de ESTs fornecem um dos melhores custos efetivos para a 
descoberta de genes e padrões de transcrição gênica, uma vez que a 
maioria das sequências obtidas codifica proteínas, e a ausência de 
íntrons e regiões intergênicas facilita a análise e a consequente 
interpretação dos resultados (OHLROGGE; BENNING, 2000). Dados 
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de ESTs são gerados em grande escala, geralmente representando 
diversos tecidos e tratamentos e permitindo diferentes aplicações em 
estudos relacionados a respostas ao nível de transcrição. Com este 
propósito, diferentes bibliotecas podem ser comparadas, resultando na 
transcrição gênica diferencial, e técnicas de arranjos de cDNA (cDNA 
arrays) podem ser desenvolvidas para avaliar a transcrição de até 
dezenas de milhares de genes simultaneamente (BOUCK; VISION, 
2007), como recentemente demonstrado em estudos de cunho 
ecotoxicológico com organismos aquáticos (CHANEY; GRACEY, 
2011; DONDERO et al. 2006; VANDEGEHUCHTE et al., 2010; 
WILLIAMS et al., 2008). Adicionalmente, as bibliotecas de ESTs 
podem ser normalizadas por meio da utilização da técnica de hibridação 
subtrativa supressiva (suppressive subtractive hybridization, SSH), 
isolando genes diferencialmente transcritos por determinados tipos 
celulares sob condições fisiológicas ou experimentais específicas 
(DIACHENKO et al., 1996). A partir dessa abordagem, duas populações 
de cDNA são comparadas, isolando transcritos diferencialmente 
expressos (WINSTANLEY, 2008). 

Apesar de inicialmente desenvolvida para identificar genes 
relacionados a doenças humanas, a SSH possui aplicações em diversos 
organismos, sendo também aplicada com êxito em estudos 
ecotoxicológicos com animais aquáticos (VENIER et al., 2009). Por 
exemplo, a SSH foi recentemente utilizada para identificar genes 
induzidos e reprimidos em resposta à exposição a hidrocarbonetos 
derivados de petróleo em ostras do Pacífico C. gigas (BOUTET; 
TANGUY; MORAGA, 2004) e em copépodos Calanus finmarchicus 
(HANSEN et al., 2007), e para identificar genes através de ESTs que 
tiveram sua transcrição alterada em C. gigas e no abalone Haliotis 
rufescens devido à exposição a pesticidas e cobre, respectivamente 
(COLLIN et al., 2010; SILVA-ACIARES et al., 2011). A versatilidade 
da técnica também é confirmada nos diversos estudos que a empregam 
para as mais variadas aplicações, como por exemplo, para o isolamento 
de genes diferencialmente transcritos de C. gigas e Haliotis diversicolor 
infectados com patógenos ambientais (RENAULT et al. 2011; WANG 
et al., 2008), e na identificação de novos biomarcadores ambientais em 
peixes Dicentrarchus labrax expostos in situ a diferentes fontes de 
contaminação costeira (NOGUEIRA et al., 2010). Neste contexto, nosso 
grupo de pesquisa também vem utilizando a mesma técnica a fim de 
identificar genes induzidos e/ou reprimidos por esgoto doméstico em 
duas espécies de ostras, C. gigas (MEDEIROS et al., 2008; TOLEDO-
SILVA, 2009) e Crassostrea rhizophorae (ZANETTE, 2009), além de 
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avaliar o efeito de derivados de petróleo na abundância diferencial de 
transcritos em peixes Poecilia vivipara (MATTOS et al., 2010).  

Tradicionalmente, as sequências de ESTs são determinadas pelo 
sequenciamento de Sanger, também chamado de método de terminação 
da cadeia por dideoxinucleotídeos (ddNTP) ou sequenciamento de 
primeira geração (first-generation sequencing) (SCHADT; TURNER; 
KASARSKIS, 2010). Entretanto, dependendo da aplicação, este método 
apresenta limitações relacionadas ao tempo de processamento e ao custo 
elevado, especialmente quando se trata de bibliotecas de cDNA não 
normalizadas. Neste sentido, novas tecnologias de sequenciamento - 
conhecidas como sequenciamento de próxima geração (next-generation 
sequencing, NGS) - estão em desenvolvimento e representam uma 
alternativa viável para projetos de transcriptoma, tanto para espécies 
modelo, como para aquelas cujo genoma ainda não foi sequenciado 
(EKBLOM; GALINDO, 2011; SCHIRMER et al., 2010; SHENDURE; 
JI, 2008). Estas novas técnicas de NGS criam uma mudança de 
paradigmas dentro da abordagem da ecotoxicogenômica aquática. 

São quatro as principais plataformas de NGS atualmente 
disponíveis: 454/Roche; Illumina/Solexa; ABI SOLiD™, e 
HeliScope™. Destas, as três primeiras constituem a segunda geração da 
tecnologia de sequenciamento (second-generation sequencing), e a 
última, mesmo sendo a mais recente e ainda pouco estudada, promete o 
sequenciamento de molécula única com leituras mais extensas, e 
constitui a terceira geração da tecnologia de sequenciamento (third-
generation sequencing) (SCHADT; TURNER; KASARSKIS, 2010). 
Embora os sistemas de NGS compreendam bioquímicas de 
sequenciamento diferentes (Tabela 1), todos promovem o 
sequenciamento de ácidos nucléicos em plataformas capazes de gerar 
informação sobre milhões de pares de bases em uma única corrida. 
Nesse sentido, os últimos avanços dessas tecnologias resultaram em: 1) 
um aumento dramático da velocidade e da facilidade de aquisição de 
grande quantidade de dados; 2) a redução espetacular dos custos do 
sequenciamento; 3) e a consequente democratização do sequenciamento 
de ácidos nucléicos (KAMB, 2011; SHENDURE; JI, 2008). 
Adicionalmente, técnicas de NGS dispensam métodos de clonagem 
tradicionalmente laboriosos (CARVALHO; SILVA, 2010), além da 
vantagem de não requerer conhecimentos prévios sobre tamanho e 
estrutura dos transcritos (SCHIRMER et al., 2010).  

A tecnologia de sequenciamento de ESTs foi recentemente 
aplicada em estudos com organismos aquáticos, como por exemplo, com 
as ostras C. virginica (QUILANG et al., 2007; WANG; GUO, 2007) e 
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C. gigas (YU; LI, 2008), com os mexilhão Mytilus galloprovincialis 
(VENIER et al., 2009) e com o bivalve Antártico Laternula elliptica 
(PARK et al., 2008). No entanto, os trabalhos supracitados usaram o 
tradicional método de sequenciamento de Sanger, e apenas recentemente 
plataformas de NGS passaram a ser aplicadas em espécies aquáticas 
(SCHIRMER et al., 2010; VAN AGGELEN et al., 2010). Dentre os 
sistemas de NGS, o pirosequenciamento na plataforma 454 é a mais 
utilizada, como pode ser evidenciado nos estudos realizados com os 
moluscos Bathymodiolus azoricus (BETTENCOURT et al., 2010), 
Laternulla elliptica (CLARK et al., 2010), M. galloprovincialis 
(CRAFT et al., 2010), Pactinopecten yessoensis (HOU et al., 2011), 
Pinctada margaritifera (JOUBERT et al., 2010) e Ruditapes 
philippinarum (MILAN et al., 2011), com o coral Acropora millipora 
(MEYER et al., 2009), com o krill Euphausia superba (CLARK et al., 
2011), e com os peixes Oncorhynchus mykiss (SALEM et al., 2010), 
Poecilia reticulata (FRASER et al., 2011), e Salmo salar (QUINN et al., 
2008). A plataforma 454 produz as maiores leituras (reads) 
(aproximadamente 330 bp) (Tabela 1), tornando mais eficiente tanto o 
processo de montagem (assembly) em um projeto de sequenciamento de 
novo (sequenciamento de genomas desconhecidos), quanto a posterior 
anotação funcional de genes (KUMAR; BLAXTER, 2010; 
MARGULIES et al., 2005). Dessa forma, o pirosequenciamento é o 
método mais indicado quando pouco é conhecido sobre o genoma de 
uma espécie (EKBLOM; GALINDO, 2011), o que justifica a sua 
crescente utilização em projetos de transcriptoma de espécies de 
interesse ecotoxicológico.  



Tabela 1: Plataformas de sequenciamento de próxima geração (NGS) atualmente disponíveis e suas principais 
características. 

Plataforma Preparação da amostra 
Bioquímica de 
sequenciamento 

Comprimento 
das leituras§ 

Tempo e rendimento‡ 
por corrida 

454/Roche Fragmentação ou MP*; PCR 
em emulsão (emPCR) 

Polimerase 
(pirosequenciamento) 

330 7 horas; 0,45 

Illumina/Solexa Fragmentação ou MP; PCR 
em fase sólida 

Polimerase (terminadores 
reversíveis) 

75 ou 100 4 dias; 18 

ABI SOLiD Fragmentação ou MP; PCR 
em emulsão (emPCR) 

Ligase (octâmeros 
com codificação de 
duas bases) 

50 7 dias; 30 

HeliScope Molécula única Polimerase (extensão 
assíncrona) 

32 8 dias; 37 

Fonte: Metzker (2010); Shendure e Ji (2008). *MP (mate-paired): corrida pareada; §Comprimento médio em pares de bases (pb); 
‡Rendimento em gigabases (Gb). 
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Estrutura e objetivos da tese  
Após a contextualização apresentada nos parágrafos anteriores 

sobre o papel e a importância da ecotoxicologia aquática - suas 
ferramentas, limitações e desafios -, torna-se evidente a necessidade de 
novos estudos que vislumbrem o preenchimento das muitas lacunas 
ainda abertas. Neste cenário, o objetivo desta tese foi investigar a 
sensibilidade e aplicação de alguns biomarcadores bioquímicos e 
moleculares em ostras Crassostrea brasiliana tratadas com diferentes 
contaminantes ambientais, com o intuito de fornecer insights sobre 
respostas e mecanismos de toxicidade, bem como contribuir para o 
estabelecimento de ferramentas sensíveis para a avaliação de impactos 
no ambiente aquático. Com este propósito, três classes de contaminantes 
foram escolhidas: a fração de óleo diesel acomodada em água (FAA) e o 
esgoto doméstico, como representantes de misturas complexas de 
xenobióticos; e o fenantreno, um composto simples comumente 
utilizado como modelo em estudos de toxicidade de HPAs. Cabe 
ressaltar que os dados gerados nesta tese podem se tornar importantes 
fontes de informação para a utilização na avaliação de águas 
contaminadas por compostos derivados de petróleo e esgoto doméstico. 
Espera-se, em última instância, contribuir para o desenvolvimento de 
um efetivo programa de biomonitoramento ambiental na costa brasileira. 

Os capítulos desta tese foram separados de acordo com o desenho 
experimental, métodos e parâmetros escolhidos com o intuito de atingir 
os objetivos propostos. Com exceção do Capítulo 1, que representa o 
prefácio, e o Capítulo 6, que apresenta as principais considerações e 
conclusões finais desta tese, cada capítulo representa um manuscrito 
preparado para publicação, além de um capítulo já publicado 
(LÜCHMANN et al., 2011 – Capítulo 2) e outro aceito para publicação 
(LÜCHMANN et al., 2012 – Capítulo 3). Como os capítulos foram 
trabalhados em colaboração com outros pesquisadores, os mesmos são 
apresentados como co-autores. Todos os manuscritos foram preparados 
em inglês, seguindo, parcialmente, a formatação das revistas nas quais 
os mesmos foram (ou serão) submetidos. Para facilitar a visualização da 
estrutura deste documento, a Tabela 2 mostra os biomarcadores e as 
abordagens metodológicas utilizadas em cada capítulo. 

O estudo apresentado no Capítulo 2 mostra as respostas de 
biomarcadores bioquímicos considerados clássicos sob a ótica da 
ecotoxicologia aquática, como a atividade das enzimas SOD, CAT, GR, 
GPx, G6PDH, GGT e GST, e a expressão das proteínas Hsp60 e Hsp90. 
Essas análises foram conduzidas em brânquia e glândula digestiva de 
ostras expostas por 96 horas a quatro concentrações de FAA de óleo 
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diesel, cujos resultados permitiram, ainda, a comparação da 
sensibilidade de resposta entre os dois tecidos estudados. Dados de 
bioacumulação também são apresentados. 

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

Capítulo Biomarcador e/ou técnica analisada 
2 3 4 5 

Atividade da enzima superóxido dismutase (SOD) X    
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 
(G6PDH) 

X   X 

Atividade da enzima glutationa S-transferase (GST) X   X 
Atividade da enzima γ-glutamil transpeptidase (GGT) X    
Expressão da proteína de estresse Hsp60 X    
Expressão da proteína de estresse Hsp90 X    
Hibridação subtrativa supressiva (SSH)  X   
Sequenciamento de EST   X  
Níveis de mRNA dos genes (SSH) por PCR quantitativo 
em tempo real (qPCR) 

 X   

Níveis de mRNA dos genes CYP-like e GST-like por qPCR    X 
 
O Capítulo 3 aborda os primeiros dados moleculares obtidos 

nesta tese. Os resultados são provenientes da construção de bibliotecas 
subtrativas de cDNA de ostras, através da técnica de SSH, com o 
objetivo de identificar novos genes candidatos a biomarcadores de 
exposição a derivados de petróleo. Os resultados da validação dos genes 
identificados, pelo método de PCR quantitativo em tempo real (qPCR), 
também são evidenciados. Os parâmetros foram analisados em glândula 
digestiva de ostras expostas por 24 horas a uma única concentração de 
FAA de óleo diesel. 

O Capítulo 4 compreende os resultados obtidos do primeiro 
projeto transcriptoma em grande escala utilizando sequenciamento de 
próxima geração (plataforma 454) em um organismo de interesse 
ecotoxicológico no Brasil. Para esta abordagem, foram utilizadas ostras 
expostas à FAA de óleo diesel, fenantreno e esgoto doméstico, cujos 
resultados obtidos representam uma importante contribuição para a 
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ecotoxicologia nacional. Mais especificamente, o trabalho faz uma 
descrição geral do transcriptoma da C. brasiliana, comparando os 
resultados com dados disponíveis para outras espécies cujos genomas 
ainda não foram sequenciados. Ainda que de forma preliminar, este 
estudo também identifica genes de importância ecotoxicológica. 

O estudo descrito no Capítulo 5 resulta da aplicação de métodos 
bioquímicos e moleculares em brânquia e glândula digestiva de ostras 
expostas por 24 horas a duas concentrações de fenantreno. Nele, 
resultados de biomarcadores antioxidantes não-enzimáticos, como o 
estado tiólico celular, bem como biomarcadores enzimáticos, como 
CAT, GPx, GR, G6PDH e GST, são abordados de forma comparativa 
entre os dois tecidos estudados. Adicionalmente, sequências gênicas 
similares a CYP e GST identificadas no Capítulo 4 foram utilizadas para 
avaliação da transcrição destes genes, por qPCR, em resposta à 
exposição ao fenantreno. Dados referentes ao monitoramento dos níveis 
de fenantreno na água durante a exposição também são apresentados.  

Finalmente, o Capítulo 6 sumariza os principais achados dos 
Capítulos 2, 3, 4 e 5, bem como destaca as considerações finais e 
principais conclusões alcançadas ao final dos quatro anos deste estudo. 
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Abstract 
Understanding the toxic mechanisms by which organisms cope to 
environmental stressful conditions is a fundamental question for 
ecotoxicology. In this study, we evaluated biochemical responses and 
hydrocarbons bioaccumulation of the mangrove oyster Crassostrea 
brasiliana exposed for 96 h to four sublethal concentrations of diesel 
fuel water accommodated fraction (WAF). For that purpose, enzymatic 
activities (SOD, CAT, GPx, GR, G6PDH, GST and GGT), Hsp60 and 
Hsp90 immunocontent and LPO levels were determined in the gill and 
digestive gland of oysters and related to the hydrocarbons accumulated 
in the whole soft tissues. The results of this study revealed clear 
biochemical responses to diesel fuel WAF exposure in both tissues of 
the oyster. The capacity of C. brasiliana to bioaccumulate aliphatic and 
aromatic hydrocarbons in a concentration-dependent manner is a strong 
indication of its suitability as a model in biomonitoring programs along 
the Brazilian coast, which was also validated by the response of the 
antioxidant defenses, phase II biotransformation and chaperones. Hsp60 
levels and GGT activity were the most promising biomarkers in the gill, 
while GST and GR activities stood out as suitable biomarkers for the 
detection of diesel toxicity in the digestive gland. The decrease of SOD 
activity and Hsp90 levels may also reflect a negative effect of diesel 
exposure regardless the tissue. The present results provide a sound 
preliminary report on the biochemical responses of C. brasiliana 
challenged with a petroleum by-product and should be carefully 
considered for use in the monitoring of oil and gas activities in Brazil. 
Keywords: Diesel; Biomarkers; Pollution; Oyster; Crassostrea 
brasiliana 
 
Introduction 

The recent discovery of potentially massive oil reserves in 
Brazilian offshore waters has projected the country into becoming one 
of the world’s largest producers of crude oil (Wertheim, 2009). There is, 
therefore, a need for monitoring of petroleum industry activities and the 
possibility of marine contamination. Oil exploration, production and 
transport potentially expose marine organisms to petrochemical 
compounds; hence, a pollution-monitoring program is a priority to 
assess the effects of petroleum by-products on such organisms. It may 
also enhance any decision-making in the public and private sectors on 
the environmental effects of accidents, such as the recent BP oil spill in 
the Gulf of Mexico. 
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Filter-feeding mollusks, such as oysters, play a significant role as 
sentinel organisms in monitoring programs due to their capacity to 
bioaccumulate environmental contaminants as well as to respond to their 
presence (Bebianno and Barreira, 2009; Solé et al., 2007). Moreover, 
they are sessile, globally distributed and economically important. 
Chemical analysis of contaminants in bivalve tissues has been 
recommended for biomonitoring (Solé et al., 2007), which gives an 
indication of the bioavailable fraction of environmental contamination 
and of direct exposure to chemicals. However, they do not necessarily 
reveal potential biological effects of the contaminants (Baumard et al., 
1999) and biomarkers have been developed to detect and evaluate the 
effects of exposure to contaminants in the aquatic environment 
(Richardson et al., 2008).  

Brazilian oyster production has expanded considerably over the 
past years, and the native mangrove oyster Crassostrea brasiliana has 
become prevalent in oyster farms in Brazil (Pie et al., 2006). In addition, 
this species naturally occurs throughout Brazilian coast in environments 
known to be exposed to petroleum by-products, such as diesel fuel (oil 
N°2), the most common fuel used by boats in the world (Kennish, 
1992). 

Petroleum by-products and their metabolic products are able to 
cause a range of biochemical responses involved in the 
biotransformation of xenobiotics, the antioxidant defense system and 
general cellular metabolism in marine bivalves (Altenburger et al., 2003; 
Banni et al., 2010; Bebbiano and Barreira, 2009; Lima et al., 2007). 
Under these conditions, a metabolic impairment might result in the 
formation of excessive amounts of ROS (reactive oxygen species) that 
can lead to oxidative stress. As a result, the normal intracellular 
reducing environment is compromised, damaging proteins, nucleic acids 
and lipids. Lipid peroxidation is considered a major mechanism by 
which oxyradicals can cause injury, impairing cellular function and 
ultimately resulting in the failure of normal cell function (Livingstone, 
2001). Links between hydrocarbon exposure and increased levels of 
lipid peroxidation in bivalves have been shown by Bebianno and 
Barreira (2009) and Lima et al. (2007). 

However, to protect against the deleterious effects of ROS, cells 
contain a complex network of antioxidant defenses, composed of both 
enzymatic and nonenzymatic antioxidants (Halliwell and Gutteridge, 
2007). The antioxidant system involves enzymes such as superoxide 
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx). 
SOD dismutates the superoxide anion radical (O2

-·) into hydrogen 
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peroxide (H2O2), which is degraded by CAT and GPx (Halliwell and 
Gutteridge, 2007). Ancillary enzymes, such as glutathione reductase 
(GR) and glucose-6-phosphate dehydrogenase (G6PDH), recycle GSH 
and NADPH, respectively, contributing to the maintenance of an 
optimal intracellular redox environment for proper function of cellular 
proteins (Circu and Aw, 2010). Among the nonenzymatic defenses, 
glutathione (GSH), the most abundant intracellular nonprotein thiol, 
participates in many important biological processes including protection 
against toxic compounds. Different enzymes mediate the metabolism of 
glutathione and γ-glutamyl transpeptidase (GGT) is involved in 
glutathione synthesis, exerting an essential role in oxidant-challenged 
cells (Liu et al., 1998).  

Enzymes implicated in the elimination of by-products of ROS 
play an important role as indirect antioxidants (Boutet et al., 2004), such 
as glutathione S-transferase (GST). GSTs are a group of multifunctional 
enzymes catalyzing the conjugation of a broad range of electrophilic 
substrates, generally produced during phase I of biotransformation of 
organic compounds, to endogenous glutathione (GSH) (Storey, 1996). 
These enzymes are involved in the cellular detoxification and excretion 
of many xenobiotics, being ideal as biomarkers of polycyclic aromatic 
hydrocarbon (PAH) exposure in marine bivalves (Bebianno and 
Barreira, 2009). Moreover, the heat shock proteins (Hsps) have also 
been considered a potential petroleum hydrocarbon target (Downs et al., 
2001; Wolfe et al., 1999). Ubiquitous in nature, Hsps play a role as 
molecular chaperones, being able to protect cells against the toxic 
effects of xenobiotics (Kalmar and Greensmith, 2009). Hsps also play a 
role in a number of other cellular processes that occur during and after 
exposure to oxidative stress (Kalmar and Greensmith, 2009), although 
their exact role in protection from the effects of petroleum hydrocarbons 
is not fully understood. 

Despite the existence of several studies that evaluate the impact 
of petroleum by-products in the field using oysters, relatively few have 
focused on the effects of complex mixtures of water-accommodated 
hydrocarbons from the petroleum by-products under laboratory 
exposure. Furthermore, the combination of chemical analysis with 
biochemical biomarker assessment has not been applied along the 
Brazilian coast. In line with this approach, the present work integrates 
for the first time the assessment of a set of putative biochemical 
biomarkers of hydrocarbons exposure in the mangrove oyster 
Crassostrea brasiliana with the characterization of the water 
accommodated hydrocarbons derived from diesel fuel.  
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Materials and methods 
Experimental design 

Adult mangrove oysters, C. brasiliana, of similar shell length (4 
– 5.5 cm) were obtained from an oyster farming area at the Laboratório 
de Moluscos Marinhos (UFSC) in Florianópolis, southern Brazil, and 
immediately transported to the laboratory for an acclimation period of 7 
days. Under laboratory conditions, the oysters were held in aerated 0.45 
µm-filtered seawater at a constant temperature (21 °C) and salinity (25 
ppt), and fed on microalgae (Chaetoceros muelleri and Isochrysis sp.) 
twice a day at a density of 3.3 x 106 cels.mL-1 and 2.2 x 106 cels.mL-1, 
respectively. 

Groups of 10 oysters were exposed for 96 hours to four 
concentrations (2.5%, 5.0%, 10.0% and 20.0%) of diesel fuel water-
accommodated fraction (diesel WAF), with seawater used as the control 
group. Diesel fuel was purchased at a Petrobras petrol station and WAF 
was obtained according to Singer et al. (2000) with minor modifications. 
Briefly, one part (1 L) of fresh diesel fuel was diluted with nine parts (9 
L) of the 0.45 µm-filtered seawater (salinity 25 ppt) in a sealed 14 L 
glass flask protected from light, in order to minimize evaporation and 
degradation of the fuel components. The diesel-water mixture was 
stirred for 23 hours with the tissue homogenizer Glas-Col at 1600 rpm at 
a constant temperature of 21 °C. The mixture was then made to stand for 
1 hour before the lower layer of water (diesel WAF) was transferred into 
the aquaria. The four concentrations of diesel WAF were prepared 
through dilutions of the WAF with the control seawater. The animals 
were not fed during the exposure period and the experiment was carried 
out in duplicate. No mortality was observed in both the control and 
treated groups.  

After the 96 h experimental period, three oysters from each 
aquarium, totalizing six animals from each experimental group, were 
killed, pooled, wrapped in aluminum foil and immediately frozen at -80 
°C for further chemical analysis. For biochemical parameters, six 
oysters from each aquarium, totalizing 12 animals from each 
experimental group, were killed and the gill and digestive gland were 
immediately excised, frozen in liquid nitrogen and stored at -80 °C until 
preparation for analysis.  
 
Chemical analysis 

The procedure for the analysis of aliphatic hydrocarbons (AH) 
and polycyclic aromatic hydrocarbons (PAH) followed that described in 
MacLeod et al. (1985) with minor modifications. Briefly, five grams of 
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wet tissue was extracted, after the addition of anhydrous Na2SO4, with 
hexane/dichloromethane 50% (v/v) using Soxhlet apparatus for 8 h. 
Before extraction, n-hexadecene, n-eicosene, d8-naphthalene, d10-
acenaphthene, d10-phenanthrene, d12-chrysene, and d12-perylene were 
added to all samples, blanks and reference material as surrogates. 
Aliphatic hydrocarbons were eluted in a partially deactivated (5%) 
silica:alumina column chromatography with 40 mL of n-hexane (F1) 
and PAHs with 45 mL of a 1:1 mixture of n-hexane and methylene 
chloride (F2). The PAH fraction was further purified by high-
performance liquid chromatography (HPLC) to remove lipids and 
finally concentrated to a volume of 1 mL in hexane and internal 
standards tetradecene and d12-benzo(b)fluoranthene were, respectively, 
added to F1 and F2 before gas chromatographic analysis. Aliphatic 
hydrocarbons were analyzed by gas chromatography using a flame 
ionization detector (FID). PAHs were quantitatively analyzed by gas 
chromatograph coupled to a mass spectrometer (GC/MS) in a selected 
ion mode (SIM). 
 
Tissue preparation for biochemical analyses 

Gill and digestive gland of each oyster were individually weighed 
and homogenized in 1:4 w/v chilled buffer (20 mM Tris-HCl buffer, pH 
7.6, containing 0.5 M sucrose, 1 mM DTT, 1 mM EDTA, 0.15 M KCl 
and 0.1 mM PMSF) using the tissue homogenizer Tissue-Tearor™. The 
homogenates were centrifuged at 9000 g for 30 min at 4 °C, followed by 
a second centrifugation of the supernatants at 37000 g for 74 min at 4 °C 
to obtain the cytosolic fraction. The resulting supernatants were used for 
measurements of antioxidant enzyme activity and Hsp90 
immunocontent. The pellets from the first centrifugation were used for 
measurement of γ-glutamyl transpeptidase activity, Hsp60 
immunocontent and lipid peroxides contents. Total protein levels were 
quantified in both supernatant and pellet according to Peterson (1977) 
using bovine serum albumin as standard. 
 
Enzyme assays  

The cytosolic copper/zinc superoxide dismutase (SOD) activity 
was determined by an indirect method through the inhibition of 
cytochrome c reduction in the presence of hypoxanthine/xantine oxidase 
O2

-· generator system at 550 nm (McCord and Fridovich, 1969). 
Catalase (CAT) activity was measured by the decrease in absorbance at 
240 nm by H2O2 decomposition, according to Beutler (1975). 
Glutathione peroxidase (GPx) activity was measured indirectly by 
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monitoring the NADPH oxidation rate at 340 nm according to Wendel 
(1981) using cumene hydroperoxide (CuOOH) as substrate. Glutathione 
reductase (GR) activity was quantified by the NADPH oxidation rate at 
340 nm (Sies et al., 1979). Glucose-6-phosphate dehydrogenase 
(G6PDH) activity was determined following the method of Glock and 
McLean (1953), which evaluates the increase in absorbance at 340 nm, 
caused by the reduction of NADP+ to NADPH. Glutathione S-
transferase (GST) activity was assayed by increasing absorbance at 340 
nm, using 1-chloro-2,4 dinitrobenzene (CDNB) as substrate (Keen et al., 
1976). γ-glutamyl transpeptidase (GGT) activity was determined using 
commercially available kit (Biotecnica Ltda). All enzyme assays using 
visible wavelengths were carried out by use of 96 wells plates reader 
(Spectramax 250, Molecular Devices, Sunnyvale, CA), while CAT 
activity was assayed in a Perkin Elmer Lambda Bio20 UV/visible 
spectrophotometer (Perkin Elmer, Cambridge, UK). 
 
Hsp immunodetection  

Samples of equal total protein content (30 µg of protein) were 
separated by SDS-PAGE using 10% gels under denaturant conditions 
and transferred to nitrocellulose membrane for 90 min using 400 mA 
current. The membranes were blocked for 1 h with 5% (w/v) nonfat 
powered milk in TBS-T (10 mM Tris, 150 mM NaCl, 0.05% Tween-20, 
pH 7.5). Membranes were then washed three times with TBS (10 mM 
Tris, 150 mM NaCl, pH7.5) and incubated with primary antibody. For 
Hsp detection, rabbit polyclonal antibody SPA-805 (1:10000) 
(StressGen), anti-insect Hsp60, and mouse monoclonal antibody AC88 
(1:2000) (Calbiochem), anti-mouse Hsp90, were used as primary 
antibodies. NA934 (1:1000) donkey anti-rabbit IgG peroxidase-linked 
(Amersham) and NA931 (1:1000) sheep anti-mouse IgG peroxidase-
linked (Amersham) were used as the secondary antibody for detecting 
both isoforms. Because only one immunoreactive band was observed on 
the western blots for both antibodies, a dot-blot procedure was used for 
quantification of samples. A Bio-Dot® Microfiltration Apparatus (Bio-
Rad) provided a reproducible method for binding Hsp proteins onto the 
nitrocellulose membranes. Immunodetection of Hsp60 and Hsp90 were 
completed on the membrane in an identical manner to the western blots. 
Immunoblotting was developed using the enhanced chemiluminescence 
(ECL) system (Amersham, São Paulo) and Hsp60 and Hsp90 expression 
was quantified by densitometric analysis of the immunoreactive bands 
using the Scion Image® software. 
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Lipid peroxidation (LPO) 
Oxidative stress damage was measured in terms of lipid peroxidation 

determination (LPO), according to Hermes-Lima et al. (1995) with 
minor modifications. Cumene hydroperoxide was used as a standard. 
 
Statistical analysis 

Differences in mean values were analyzed by one-way ANOVA 
followed by complementary Tukey test with significance level 
established at p<0.05. Normality (Shapiro-Wilks test) and homogeneity 
of variances assumptions were previously checked (Bartlett’s test) and 
logarithmic transformation was applied when necessary (Zar, 1999). 
Outliers were excluded according to the Grubbs test. Pearson 
Correlation matrix was also calculated to study the relationships 
between the biochemical biomarkers measured. Statistical analyses were 
performed with the software GraphPad 5.0. 

A principal component analysis (PCA) on correlation matrix was 
used to explore and describe the relationship between the biochemical 
biomarkers and the concentration of WAF for each tissue separately. 
PCA was applied on the media of all samples for each biochemical 
response and treatment. The data was previously log-transformed (log[x+1]) 
and the analyses were performed with the software CANOCO 4.5. 
 
Results 
Aliphatic and polycyclic aromatic hydrocarbon concentrations 

Aliphatic and polycyclic aromatic hydrocarbon concentrations 
were determined in the whole soft tissues of oysters from both control 
and diesel WAF exposed groups. The concentrations of different types 
of aliphatic hydrocarbons, total n-alkanes and isoprenoids (pristane and 
phytane), and total aliphatic hydrocarbons (ΣAH) are shown in Table 1. 
The ΣAH levels varied among experimental groups, ranging from 43.8 
ug.g-1 in the control group to 292 ug.g-1 in the 20% diesel WAF group. 
Oysters from the control group accumulated only biogenic n-alkanes, 
characteristic of both phytoplankton (C15, C16 and C17) and superior 
plants (C23-C33) (data not shown). In oysters exposed to diesel WAF, n-
alkanes from both biogenic and petrogenic sources were detected (data 
not shown). Oysters exposed to diesel presented a ratio of 
pristane/phytane ranged from 1.5 to 2.5 (Table 1), values similar to the 
diesel WAF itself used in the exposures (data not shown). The 
unresolved complex mixture (UCM) levels were also determined in the 
oysters (Table 1). The UCM is an indicator of petrogenic sources and is 
composed by both ramified and cyclic aliphatic hydrocarbons (Readman 
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et al., 2002). UCM levels were above the detection limits only in the 
exposed groups, where oysters from 2.5%, 5%, 10% and 20% diesel 
WAF accumulated 56.2 ug.g-1, 98.3 ug.g-1, 64.5 ug.g-1 and 201 ug.g-1, 
respectively (Table 1). 

The levels of individual and total polycyclic aromatic 
hydrocarbons (ΣPAH) accumulated in the oysters are summarized in 
Table 2. The ΣPAH concentrations increased in a concentration-
dependent manner along the experimental range, from 2.6 µg.g-1 in the 
control group to 115 µg.g-1 in the 20% diesel WAF group (Table 2). 
Oysters exposed to diesel WAF accumulated only low molecular weight 
PAHs, with 2 or 3 aromatic rings, the most water soluble PAHs. 
Individual parental PAH determination showed that biphenyl, 
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene and 
pyrene were detected in all the exposed groups (Table 2), with 
phenanthrene being the most abundant, accounting for 3.7% of total 
PAHs. Among the non-parental PAHs, the sum of 
trimethylnaphthalenes (52.5%), followed by the sum of 
dimethylnaphthalenes (26.7%) were the most abundant of all the 
accumulated PAHs. 
 
Table 1. Aliphatic hydrocarbons levels (ug.g-1) on a wet weight basis 
detected in whole soft tissues of oysters from both control and diesel 
WAF exposed groups. 

 Control 
2.5% 
WAF 

5%  
WAF 

10% 
WAF 

20% 
WAF 

Pristane 0.174 0.320 0.374 0.725 1.84 

Phytane <0.085 0.139 0.255 0.400 1.15 

Pristane/phytane ND 2.3 1.5 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 

ΣAH 43.8 95.9 154 119 292 

UCM, unresolved complex mixture; ΣAH, total aliphatic hydrocarbons; 
ND, not detected. 
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Table 2. Aromatic hydrocarbons levels (ng.g-1) on a wet weight basis 
detected in whole soft tissues of oysters from both control and diesel 
WAF exposed groups. 

 Control 
2.5% 
WAF 

5% 
WAF 

10% 
WAF 

20% 
WAF 

Σmethylnaphthalene 62.9 1053 279 1164 4446 

Biphenyl 39.8 152 145 373 1273 

Σethylnaphthalene <4.71 213 391 1108 3494 

Σdimethylnaphthalene 92.4 1738 3441 10,862 33,364 

Acenaphtene 21.9 53.4 109 320 862 

Σtrimethylnaphthalene 1404 2164 10,386 27,098 57,751 

Fluorene 147 114 303 872 2005 

Dibenzothiophene 54.0 21.6 68.0 167 444 

Phenanthrene 14.4 226 598 1673 4350 

Anthracene <3.46 8.30 31.4 73.8 150 

Σmethyldibenzothiophene 4.56 29.7 162 339 663 

Σdimethylphenantrene <5.85 228 1253 2841 5553 

Fluoranthene <2.45 9.40 41.1 77.0 148 

Pyrene <5.08 19.0 92.5 186 369 

Benz[a]anthracene <3.52 <3.52 <3.52 <3.52 <3.52 

Chrysene <7.04 <7.04 <7.04 <7.04 <7.04 

Benzo[b]fluoranthene <2.53 <2.53 <2.53 <2.53 <2.53 

Benzo[k]fluorantene <2.40 <2.40 <2.40 <2.40 <2.40 

Benzo[e]pyrene <2.56 <2.56 <2.56 <2.56 <2.56 

Benzo[a]pyrene <2.03 <2.03 <2.03 <2.03 <2.03 

Perylene <1.21 <1.21 <1.21 <1.21 <1.21 

Indeno [1,2,3-cd]pyrene <1.41 <1.41 <1.41 <1.41 <1.41 

Dibenzo[ah]anthracene <2.56 <2.56 <2.56 <2.56 <2.56 

Benzo(ghi)perylene <10.3 <10.3 <10.3 <10.3 <10.3 

ΣPAH 2596 6029 17,301 47,153 114,872 

ΣPAH, total polycyclic aliphatic hydrocarbons. 
 
Biochemical biomarkers 

Fig. 1 presents the activity of antioxidant enzymes in the gill and 
digestive gland of oysters exposed to different diesel WAF 
concentrations. Antioxidant enzymes SOD, CAT and GPx showed the 
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same pattern of response in both tissues. SOD activity showed a 
decreasing trend response with a significant difference in oysters 
exposed to 20% WAF compared to control [F(4,53) = 3.171; p<0.05 for 
gill and F(4,51) = 2.941; p<0.05 for digestive gland] (Fig. 1A). Unlike the 
SOD activity, the levels of CAT and GPx activity did not differ between 
the experimental and control groups (p>0.05) (Figs. 1B and 1C, 
respectively).  
 

 
Figure 1. Superoxide dismutase (SOD) (A), catalase (CAT) (B) and glutathione 
peroxidase (GPx) (C) enzymes activity in the gill and digestive gland (dig gd) 
of the mangrove oyster Crassostrea brasiliana exposed for 96 h to four 
concentrations (2.5%, 5%, 10% and 20%) of diesel fuel water-accommodated 
fraction (diesel WAF), or seawater as the control group. Data are presented as 
mean + S.D. (n = 9 – 12 animals per group). Statistical analysis was performed 
by one-way ANOVA followed by Tukey’s post hoc analysis. *p<0.05 when 
compared the diesel WAF exposed groups to the control for a given tissue. 
 

Ancillary enzyme GR presented a distinct pattern between 
tissues. GR activity differed among experimental groups only in 
digestive gland with significantly higher activities in oysters exposed to 
5%, 10% and 20% diesel WAF when compared to the control [F(4,51) = 
11.52; p<0.001] (Fig. 2A). G6PDH however, did not differ among the 
experiment groups in both tissues (p>0.05) (Fig. 2B).  
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GGT activity also presented a different response pattern 
regarding the tissues. In gills, GGT activity was significantly induced in 
oysters exposed to 2.5% and 20% WAF. In digestive gland, no 
significant differences were observed (p>0.05) (Fig. 2C). GST activity 
was significantly higher in the digestive glands of oysters exposed to 
10% and 20% diesel WAF than the control [F(4,50) = 4.532; p<0.001] 
(Fig. 2D). In gills, GST activity remained unchanged in the exposed 
oysters compared to unexposed ones (p>0.05) (Fig. 2D).  
 

 

 
Figure 2. Glutathione reductase (GR) (A), glucose-6-phosphate dehydrogenase 
(G6PDH) (B), γ-glutamyl transpeptidase (GGT) (C) and glutathione S-
transferase (GST) (D) enzymes activity in the gill and digestive gland (dig gd) 
of the mangrove oyster Crassostrea brasiliana exposed for 96 h to four 
concentrations (2.5%, 5%, 10% and 20%) of diesel fuel water-accommodated 
fraction (diesel WAF), or seawater as the control group. Data are presented as 
mean + S.D. (n = 9 – 12 animals per group). Statistical analysis was performed 
by one-way ANOVA followed by Tukey’s post hoc analysis. *p<0.05; 
** p<0.01; *** p<0.001 when compared the diesel WAF exposed groups to the 
control for a given tissue. 
 

The immunocontent of Hsp60, Hsp90 and the levels of lipid 
peroxidation in both gill and digestive gland are shown in Figs. 3A, 3B 
and 3C, respectively. Hsp60 levels of gill were significantly higher in 
the 2.5% and 20% groups, when compared to control [F(4,48) = 6.098; 
p<0.001]. In the digestive gland however, the Hsp60 levels were similar 
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among all the experimental groups (p>0.05) (Fig. 3A). Opposite to 
Hsp60, the levels of Hsp90 exhibited similar trends between tissues and 
were significantly lower in exposed groups compared to control [F(4,51) = 
7.733; p<0.001 for gill and F(4,52) = 5.979; p<0.001 for digestive gland] 
(Fig. 3B).  
 

 
Figure 3. Immunocontent of heat-shock proteins Hsp60 (A) and Hsp90 (B) and 
lipid peroxidation levels (C) in the gill and digestive gland (dig gd) of the 
mangrove oyster Crassostrea brasiliana exposed for 96 h to four concentrations 
(2.5%, 5%, 10% and 20%) of diesel fuel water-accommodated fraction (diesel 
WAF), or seawater as the control group. Data are presented as mean + S.D. (n = 
9 – 12 animals per group). Statistical analysis was performed by one-way 
ANOVA followed by Tukey’s post hoc analysis. *p<0.05; **p<0.01; 
*** p<0.001 when compared the diesel WAF exposed groups to the control for a 
given tissue. 
 

Significant correlations between the investigated biomarkers were 
found in both tissues. In gill, CAT activity was positively correlated 
with SOD (r = 0.45; p<0.001), GPx (r = 0.40, p<0.01), GR (r = 0.60; 
p<0.01) and G6PDH (r = 0.68, p<0.001) activities. In the same tissue, 
GST was positively correlated with GR (r = 0.43; p<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 = -0.35, p<0.05) and GST activity 
(r = -0.28, p<0.05) and Hsp60 levels (r = -0.30, p<0.05) in the gill.  
In digestive gland a positive correlation was found between GST and 
GR activities (r = 0.76; p<0.001), which was also correlated with GPx (r 
= 0.62; p<0.001). Significant negative correlations were identified 
among Hsp90 and GR (r = -0.47; p<0.01), GST (r = -0.48; p<0.01) and 
G6PDH (r = -0.32; p<0.05) activities. LPO levels were negatively 
correlated with GR activity (r = -0.42; p<0.01) and positively correlated 
with Hsp90 (r = 0.40; p<0.01). 
  
Relationship between aliphatic and polycyclic aromatic hydrocarbons 
concentrations and biochemical parameters 

The relationship between aliphatic and polycyclic aromatic 
hydrocarbons accumulated in oyster whole soft tissue and the 
biochemical parameters either in the gill or in the digestive gland of C. 
brasiliana was assessed by principal components analysis (PCA). Fig. 4 
presents the PCA ordination output for both tissues (Fig. 4A for gill and 
Fig. 4B for digestive gland).  

From the gill plot, the two main components explained 92.3% of 
the total variation. Component 1 explained 66.7%, while component 2 
explained 25.6%. The ordination diagram presented a clear difference 
between treatments along component 1. The biochemical parameters 
Hsp60 levels, GST and GGT activities showed a positive correlation 
with component 1, which were higher in the highest diesel WAF 
concentration (20%) (Fig. 4A). On the other hand the same figure shows 
that the contents of Hsp90 and LPO together with the activities of SOD 
and CAT presented a negative correlation in component 1, being higher 
in control and lower in 20% diesel WAF concentration. Component 2 
was positively correlated with G6PDH and GPx activities, which were 
higher in the 2.5% diesel WAF concentration (Fig. 4A).  

From the digestive gland plot (Fig. 4B), the two main 
components explained 90.6% of total variation, where component 1 
explained 78.2% and component 2 explained 12.4%. A similar pattern to 
the gill plot was noted in the digestive gland plot with a clear 
relationship between treatments and component 1. The biochemical 
parameters that showed a positive correlation with component 1 were 
mainly GR, GST and GPx activities, which were higher in the 20% 
diesel WAF concentration (Fig. 4B). A negative correlation with 
component 1 was observed mainly to SOD activity and LPO and Hsp90 
levels that were higher in the control treatment. Component 2 showed a 
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positive correlation with CAT activity and Hsp60 levels, which were 
higher in the 10% diesel WAF concentration (Fig. 4B). 
 
 

 

 

 

 

 

Figure 4. Biplot from principal components analysis (PCA) of all biochemical 
parameters related to the diesel WAF exposure in both gill (A) and digestive 
gland (B). In gill, the first axis explained 66.7% of overall variation and the 
second 25.6%. In digestive gland, the first axis explained 78.2% of overall 
variation and the second 12.4%. 
 
Discussion 

Oysters accumulated both aliphatic and aromatic hydrocarbons in 
a concentration-dependent manner reaching large values in the highest 
diesel WAF concentration (20%). Such an increase reflects their ability 
to bioaccumulate petrogenic hydrocarbons as previously reported in 
Crassostrea virginica (Noreña-Barroso et al., 1999; Sanders, 1995) and 
Crassostrea gigas (Bado-Nilles et al., 2010). Bivalves accumulate PAHs 
directly from the water-phase and food, and the organisms readily 
accumulate the more-soluble PAHs than the less-soluble and heavier 
PAHs (Neff, 2002). In fact, the total PAHs accumulated in oyster tissues 
were mostly due to the uptake of the 2 ring PAH non-parental 
naphthalene and the 3 ring PAHs phenanthrene. This can be explained 
by the increase of Kow of the alkyl PAHs, which is also often associated 
with an increased trend to bioaccumulate when compared to parent 
compound PAHs (Irwin et al., 1997). Thus, the accumulation of low 
molecular weights PAHs reflects not only the chemical nature of diesel 
fuel itself, but also the uptake pathway for hydrocarbon accumulation by 
C. brasiliana. 
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The production of contaminant-stimulated reactive oxygen 
species (ROS) and their resulting oxidative damage seems to be the 
main mechanism of petroleum PAHs toxicity in marine bivalves (Banni 
et al., 2010; Bebbiano and Barreira, 2009; Frouin et al., 2007). To cope 
with this pro-oxidative challenge, bivalves generally produce increased 
SOD activity as the first line of enzymatic antioxidant defense (Ansaldo 
et al., 2005; Cheung et al., 2004; Lima et al., 2007). However, this 
inducibility should not be considered as a general rule since results 
have not always been consistent and no-effect or decreased SOD 
activity has been reported in mollusks exposed to environmental 
stressors (Cossu et al., 1997; Livingstone, 2001; Verlecar et al., 2008). 
Indeed, in the present study SOD activity of gill and digestive gland 
decreased with a marked difference in the highest diesel WAF 
concentration. According to Escobar et al. (1996), SOD activity can be 
inhibited by ROS, which could be a part of the diesel toxicity response 
in C. brasiliana.  

CAT and GPx are known to serve as protective responses to 
scavenge the generation of ROS and enhanced activities represent an 
important adaptation to pollutant-induced stress (Cheung et al., 2001; 
Cossu et al., 1997; Richardson et al., 2008). However, the results 
obtained here show that diesel WAF did not elicit the expected effects 
on these enzymes in both tissues. Although not statistically significant, 
CAT activity in the gill followed the same decreased SOD activity trend 
for the highest diesel WAF concentration. This result offers evidence 
toward the functional linkage between SOD and CAT, which is further 
supported by the positive correlation found between their activities in 
the gill. On the other hand, digestive gland CAT and GPx activities of 
both tissues remained unchanged regardless the diesel concentration. 
Absence of induction of CAT and GPx activities has previously been 
reported in the mussel Mytilus galloprovincialis exposed to B[a]P for 72 
hours (Banni et al., 2010) and Perna viridis treated with mercury 
chloride for 15 d (Verlecar et al., 2008). On the other hand, GPx had 
already been found to be a susceptible antioxidant in the freshwater 
bivalve Unio tumidus exposed to environmental contaminants (Cossu et 
al., 1997) and is considered an efficient protective enzyme against lipid 
peroxidation in aquatic organisms (Winston and Di Giulio, 1991). 
Together these results suggest that (i) despite the decrease in SOD and 
CAT activities together with the unchanged activity of GPx, antioxidant 
systems of C. brasiliana remained active enough to prevent lipid 
peroxidation and (ii) the oysters also used other approaches than 
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enzymatic antioxidants to cope with the toxic challenge in consequence 
to accumulated hydrocarbons.  

GST activity was significantly increased in digestive gland of 
oysters exposed to diesel WAF. GST is involved in phase II of the 
biotransformation process by conjugating reduced glutathione (GSH) to 
different electrophilic compounds leading to their detoxification (Storey, 
1996). GST is also thought to play a peroxidase activity, exerting a 
significant supplementary antioxidant role in the cell (Barata et al., 
2005; Bebianno and Barreira, 2009), and previous studies have 
associated its induction to petroleum exposure in bivalves (Banni et al., 
2010; Boutet et al., 2004; Lima et al., 2007; Silva et al., 2005; Solé et 
al., 2007). From the data obtained in this study, it appears clear that GST 
activity of the digestive gland was effective in preventing damage on 
lipid membranes of exposed oysters, verified as such by the unchanged 
LPO levels. A significant negative correlation between GST and LPO 
was also found in the gill, reinforcing the protective role of GST in C. 
brasiliana following diesel exposure.  

This putative GST protection could be mediated by the increased 
GR activity seen in the digestive gland of exposed oysters. GR is a 
NADPH-dependent enzyme that plays an essential role in the 
maintenance of GST activity through the regeneration of GSH from 
GSSG (Verlecar et al., 2008). Hence, GR induction becomes important 
during stress conditions, which is seen here through the significant 
positive correlation between GR and GST activities in both the gill and 
digestive gland. This finding is consistent with recent reports carried out 
with mussels challenged with PAHs and other pollutants (Akcha et al., 
2000; Gamble et al., 1995; Porte et al., 1991; Sáenz et al., 2010), 
indicating that GR activity, along with GST, could be sensitive 
indicators of hydrocarbon exposure in C. brasiliana. However, to keep 
GR activity, a constant NADPH-generating capacity is required within 
the cell. Such a feature can be achieved by the activity of G6PDH, an 
ancillary enzyme of the antioxidant defense system (Bainy et al., 1996). 
Although G6PDH activity did not differ among the experimental 
groups, a significant positive correlation was found between G6PDH 
and GST and GR activities in both tissues, suggesting that G6PDH, 
together with GR, is involved in the maintenance of reduced GSH 
levels, which in turn is used as substrate by GST (Sáenz et al., 2010). 

GGT activity was the only enzyme of the glutathione pathway 
induced in the gills following the diesel WAF exposure. GGT is 
important for oxidant-challenged cells to maintain the intracellular GSH 
concentration, and an increase in such activity may represent a higher 
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availability of cysteine residues to GSH formation (Liu et al., 1998). 
GSH comprises the main non-protein antioxidant defense against 
oxidative injuries (Farid et al., 2009; Halliwell and Gutteridge, 2007; 
Hannam et al., 2010), and from the data obtained in this study we can 
hypothesize that the enhanced GGT activity kept the cellular redox 
balance in the gill of oysters exposed to diesel WAF. The enhanced gill 
GGT activity together with the unchanged GR and GST activities 
suggests that oyster tissues differ in the maintenance of intracellular 
GSH levels.  

Diesel fuel WAF was also able to induce a significant increase of 
Hsp60 immunocontent in the gill. Although poorly understood in marine 
invertebrates in terms of pollutant response, Hsp60 is thought to be 
strongly induced by petroleum hydrocarbons (Snyder et al., 2001; 
Wheelock et al., 2002), as previously observed by Downs et al. (2001), 
Oberdörster et al. (1999) and Wolfe et al. (1999). Differential expression 
of Hsp60 in response to diesel WAF indicates a particular physiological 
condition for the mitochondria. According to Downs et al. (2001), 
Hsp60 is a biomarker for the rate of protein mitochondrial turnover, 
which is expected to be higher under cellular stress, especially in the 
presence of ROS. Increased levels of Hsp60 suggest that protein 
denaturation, protein import and synthesis increased in the gill cells of 
exposed oysters. Moreover, these data indicate that the stress response 
of oysters in terms of Hsp60 induction in gill is a rapid reaction to short 
term events whereas hepatic tissues require the accumulation of 
proteotoxic chemicals following chronic exposure, such as observed in 
fish (Triebskorn et al., 2002; Webb and Gagnon, 2009). Hence, Hsp60 
induction seems to be an adaptive mechanism of this tissue against 
diesel generated toxicity, and is suggested as a sensitive biomarker for 
mitochondrial protein turnover in C. brasiliana when the stressor is 
diesel fuel.  

Inversely, diesel fuel lead to a significant concentration-
dependent inhibition of Hsp90 levels in both tissues, with a marked 
response in the digestive gland. This was a surprising result in our work, 
since Hsp90 is a ubiquitous multifunctional chaperone that is involved 
in protein folding, cytoprotection, as well as in number of cellular 
regulatory pathways following a stressor challenge (Li et al., 2009). 
Based on our data, we can speculate that diesel WAF inhibited the 
synthesis of Hsp90 by some alteration on a transcriptional or 
translational level, or by the inhibition of the signal-transduction 
cascade for induction of Hsp90 (Downs et al., 2001). Moreover, we 
cannot discount the idea that the cells from both gill and digestive gland 
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are protected by the action of the remaining Hsp90 or other proteins, 
precluding the need for protein chaperoning in the cytoplasm.  

Our results also corroborate the different mechanisms in mollusk 
tissues that cope with the stress from hydrocarbons exposure (Banni et 
al., 2010). According to the PCA results, the gill and digestive gland of 
C. brasiliana show some differences in terms of biochemical response 
when exposed to diesel fuel WAF. The differences relate to the putative 
regulation of the glutathione pathway, which in gill it is achieved 
through an induced GGT activity, and in digestive gland through 
enhanced GR activity. Moreover, gill and digestive gland also differ 
regarding the chaperone role and the phase II biotransformation process, 
shown here as Hsp60 levels and GST activity. Regardless the tissue, 
PCA also showed that 20% diesel WAF was indeed the concentration 
with more influence on the biochemical responses elicited in C. 
brasiliana after 96 h of exposure.  
 
Conclusions 

In conclusion, the mangrove oyster C. brasiliana exposed to four 
sublethal concentrations of diesel fuel water accommodated fraction 
(WAF) is able to bioaccumulate both aliphatic and aromatic 
hydrocarbons in a concentration-dependent manner in a short period of 
time. In this process, toxic effects were identified in terms of 
biochemical biomarkers responses, which lead to an induction of 
protective phase II and ancillary enzymes GST and GR in digestive 
gland, and an elevation of Hsp60 levels and GGT activity in gill tissue. 
The results indicate that oyster’s tissues handle differently during a 
chemical exposure, which might reflect the differences in the 
mechanism in which the tissues cope to the stress. The gill seemed to be 
a target tissue for short-term events while the digestive gland may be of 
greater value to determine the oyster's stress response under chronic 
exposure to stressors in its environment. Moreover, this study provided 
evidence towards the suitability of using a set of putative biochemical 
biomarkers in the oyster C. brasiliana for the monitoring of oil and gas 
activities in Brazil. 
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Abstract  

Diesel fuel can cause adverse effects in marine invertebrates by 
mechanisms that are not clearly understood. The authors used 
suppressive subtractive hybridization (SSH) to identify genes up- 
and down-regulated in Crassostrea brasiliana exposed to diesel 
fuel. Genes putatively involved in protein regulation, innate 
immune, and stress response, were altered by diesel challenge. 
Three genes regulated by diesel were validated by quantitative real-
time polymerase chain reaction (qPCR). This study sheds light on 
transcriptomic responses of oysters to diesel pollution. 

Keywords: Oyster, Crassostrea brasiliana, Gene transcription, 
SSH, Diesel fuel 
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Abstract 

Background: Although bivalves are among the most studied aquatic 
organisms due to their ecological role, economic importance and use as 
bioindicators in pollution biomonitoring, very little information is 
available on their genome sequences. This study reports the de novo 
transcriptome sequencing using 454 GS-FLX from the gill and digestive 
gland of the tropical oyster Crassostrea brasiliana challenged with 
environmental contaminants. The transcriptomic sequences should be 
useful for gene discovery, and to help to elucidate the mechanism of 
toxicity of petroleum by-products and domestic sewage. 

Results: Using 454 pyrosequencing, we obtained a total of 399,291 
reads consisting in 96,582,549 bp, which were de novo assembled into 
20,938 contigs, with an average size of 575 bp, representing a dramatic 
expansion of existing cDNA sequences available for C. brasiliana. Blast 
searching of non-redundant public databases returned 7,401 significant 
matches to Eukaryotic proteins. In depth analysis of the data revealed an 
extensive catalogue of the xenobiotics biotransformation system and the 
major antioxidant proteins. An initial assessment of putative genes of 
ecotoxicology interest allowed us to identify 41 CYP450s, 26 GSTs, 8 
SULTs, 9 MRPs and 28 genes putatively involved in the antioxidant 
defence. 

Conclusions: We show that second-generation sequencing provided an 
inedited and reliable reference transcriptome of a non-model species. 
This resource provides clues to the identification of potential 
biotransformation and antioxidant genes involved in the detoxification 
of environmental contaminants of C. brasiliana, and lays the foundation 
for future functional genomics studies. 

 
Background 

The mangrove oysters, Crassostrea brasiliana, are commonly 
distributed along the Brazilian coast where they play a relevant 
economic and ecological role. Oysters, as other bivalve molluscs, are 
sessile, filter feeders, accumulate various water contaminants in their 
tissues and may be considered as an ideal bioindicator for pollution 
monitoring in coastal waters in many areas of the world (Bado-Nilles et 
al., 2010). However, such as for other Ostreidae species, there are many 
aspects of their biology which require elucidation. For instance, the 
endpoints used for monitoring effects are based on a small number of 
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biomarkers which have their origins in human toxicology and are not 
bivalve-specific (Forbes et al., 2006). 

In view of the ecological and economical importance of oysters to 
the coastal areas, understanding their biology, susceptibility to 
pollutants and differential stress resistance has become an important 
issue for modern ecotoxicology. In particular, genomic resources such 
as genome or transcriptome sequences would make possible studies to 
address these processes. However, genomic data available for oysters 
are limited (Tanguy et al., 2008), and recently sequence-based strategies 
have been developed for transcriptome studies. Among them, Expressed 
Sequence Tags (ESTs) sequencing programs have proven to be an 
effective method for gene discovery and have been widely used for 
initiating genomic research in non-model and un-or under- annotated 
organisms such as oysters (Fleury et al., 2009; Tanguy et al., 2008; 
Wang and Guo, 2007). ESTs collections provide information on the 
part of the genome that is expressed and can be valuable for genome 
annotation and analysis, discovery of single nucleotide polymorphisms 
(SNPs), and expression studies (Joubert et al., 2010). However, 
genomic sequences resources available for C. brasiliana are extremely 
limited. 

Traditionally, ESTs projects of Crassostrea sp. have been based on 
classical cloning and Sanger sequencing strategies, but because next-
generation sequencing technologies provide much higher throughput 
than Sanger sequencing at a lower cost (Ekblom and Galindo, 2011), 
these new technologies have been showed great potential for expanding 
sequence database of bivalves and other non-model species (i.e. Clark et 
al., 2010; Craft et al., 2010; Hou et al., 2011; Joubert et al., 2010; Meyer 
et al., 2009). For those organisms where the genome data is limited, the 
454 pyrosequencing platform is most frequently used, as longer reads 
are generated and then are more amenable to further annotation and 
analysis (Kumar and Blaxter, 2010).  

With the aim of increasing the genomic resources for the mangrove 
oyster C. brasiliana, we performed the first de novo transcriptome 
pyrosequencing for this species. More specifically, the objectives of this 
study are to discover genes that encode enzymes putatively involved in 
the biotransformation of xenobiotics and stress response in the oyster C. 
brasiliana exposed to three different environmental contaminants: 
phenanthrene, diesel fuel water-accommodated fraction (WAF) and 
domestic sewage. The rational for selecting those contaminants in this 
study lies in their prevalence in aquatic environments and importance as 
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chemical models for ecotoxicological studies. Phenanthrene, a 3-ring 
compound included in the US-EPA priority pollutant list, is one of the 
most abundant PAHs in the aquatic environment as a result of human 
activities (US EPA, 2009). This lipophilic and low molecular weight 
PAH can be easily taken up by aquatic organisms (Oliveira et al., 2007), 
with a greater bioaccumulation rate in bivalve molluscs (Hannam et al., 
2010). In contrast, diesel WAF comprises a model for complex mixtures 
derived from petroleum industry activities. Diesel fuel is one of the most 
common aquatic contaminants which has recently been showed to exert 
biochemical effects and bioaccumulation trends in C. brasiliana 
(Lüchmann et al., 2011). Furthermore, domestic sewage was chosen 
based on the high inputs of untreated sewage discharges in coastal 
ecosystems around the world and its effects on transcriptional levels of 
oysters (Medeiros et al., 2008).  

C. brasiliana was challenged to each contaminant separately and 
total RNA was extracted from the gill and digestive gland. Libraries of 
cDNA were constructed from total RNA and non-normalized libraries 
were sequenced using the 454 GS-FLX platform. The transcriptome was 
assembled using the pool of sequencing data from all cDNA libraries 
and resulting contigs were annotated given raise to the first de novo 
transcriptome for the mangrove oyster C. brasiliana. Sequences were 
screened to identify relevant genes involved in the biotransformation of 
xenobiotics and associated antioxidant defence. Results demonstrated 
the capability of using 454 sequencing data to identify genes of interest 
on a non-model species with promising relevance for ecotoxicology 
studies and aquatic monitoring programs. 

 

Materials and methods 
Oyster collection and chemical exposures 

Specimens of the mangrove oyster, C. brasiliana, of similar shell 
length (5-8 cm), were obtained from an oyster farming area at the 
Marine Mollusks Laboratory, Federal University of Santa Catarina, 
Florianópolis, southern Brazil, and were immediately transported to the 
University laboratory where they were maintained in the aerated tanks 
with 0.45 µm filtered seawater at 21 °C and 25 ppt. Oysters were fed on 
microalgae (Chaetoceros muelleri and Isochrysis sp.) twice a day at a 
density of 3.3 x 106 cels.mL-1 and 2.2 x 106 cels.mL-1, respectively, and 
water was changed daily for at least 7 days for acclimatization prior to 
the exposure experiments. Oysters were then randomly divided into 
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glass exposure tanks and held fasting for 24 hours prior to the chemical 
exposures at the same previous seawater conditions. The exposure 
experiments to diesel fuel water-accommodated fraction (WAF), 
phenanthrene (PHE) and domestic sewage were carried out in different 
occasions but the oysters were supplied from the same brood stock of 
the same mollusc culture facility, and were submitted to the same 
acclimatization process as described above.   

Groups of 10 oysters were exposed for 24 and 72 h to 10% of diesel 
fuel diesel WAF (v/v), with seawater used as the control group. Diesel 
fuel was purchased at a Petrobras petrol station and WAF was obtained 
according to Singer et al. (2000) with minor modifications. Briefly, one 
part (1 L) of fresh diesel fuel was diluted with nine parts (9 L) of the 
0.45 µm filtered seawater (salinity 25 ppt) in a sealed 14 L glass flask 
protected from light, in order to minimize evaporation and degradation 
of the fuel components. The diesel–water mixture was stirred for 23 h 
with the homogenizer Glas-Col (LLC) using a steel modified pestle at 
1600 rpm at a constant temperature of 21 °C. The mixture was then 
made to stand for 1 h before the lower layer of water (diesel WAF) was 
transferred into the aquaria. The 10% diesel WAF was prepared through 
dilution of the WAF with the control seawater. The animals were not fed 
during the whole exposure period and the experiment was carried out in 
duplicate. No mortality was observed in both the control and treated 
groups. The diesel WAF concentration was chosen based on previous 
results of biochemical biomarkers measured in C. brasiliana (Lüchmann 
et al., 2011). 

Phenanthrene (PHE) (Sigma-Aldrich, P1140-9) was first dissolved 
in dimethyl sulfoxide (DMSO) and then added 0.45 µm filtered seawater 
(salinity 25 ppt) to achieve a final nominal PHE concentration of 1000 
µg.L-1, equivalent to 5.6 µM, and a final DMSO concentration of 0.01% 
(v/v). Oysters were transferred to glass tanks which were covered to 
avoid evaporation of PHE. Oysters were exposed for 24 h and were not 
fed during the exposure period. Control was carried out at the same 
condition except for introducing 0.01% (v/v) DMSO only. No mortality 
was observed in both the control and treated groups. The sublethal PHE 
concentration was chosen based on realistic environmental 
concentrations found nearby petroleum exploration area (Anyakora et 
al., 2005). 

Sewage exposure was performed according to Medeiros et al. 
(2008) with minor modifications. Briefly, domestic sewage was 
collected at the influent duct of the downtown wastewater treatment 
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plant (Florianópolis, southern Brazil) after solid material grid removal, 
and diluted to 33% (v/v) using 0.45 µm filtered seawater (salinity 25 
ppt). Oysters were placed in glass tanks, where the chemical challenge 
took place. Exposure was carried out for 24 h and oysters were not fed 
during the exposure period. Control was carried out at the same 
condition. No mortality was observed in both the control and treated 
groups.  

After chemical exposures, twelve oysters from diesel fuel WAF and 
phenanthrene experiments, and seven from the domestic sewage 
exposure were sacrificed and the gill and digestive gland were 
immediately excised, flash frozen in liquid nitrogen and stored at -80 °C 
until further analysis. Total RNA used for the control group was 
extracted from three oysters of each control group used in the 
experiments cited before totalizing twelve animals. 

 
Total RNA isolation and preparation of cDNA libraries 

Total RNA from gill and digestive gland of each oyster was 
individually isolated using TRIzol reagent (Invitrogen, UK) and purified 
with the Nucleospin RNA II Total RNA Isolation Kit (AbGene, UK) 
following the supplier’s protocol with minor modifications. Briefly, 50 – 
100 mg of each tissue was mechanically disrupted in the presence of 1 
mL TRIzol using a homogenizer (Tissue-Tearor, BioSpec Products). 
TRIzol protocol was strictly followed until achieve the upper aqueous 
phase, where 200 µL was transferred to a new tube for on-column 
precipitation using the Nucleospin RNA II Total RNA Isolation Kit 
(AbGene, UK). RNA was then eluted in 60 µL of RNase free water. The 
residual genomic DNA contamination was removed during the RNA 
cleanup using the DNase I digestion as instructed by the manufacturer 
(AbGene, UK). The integrity of the purified total RNA was assessed 
using formaldehyde agarose gel electrophoresis, and RNA quantity was 
determined by NanoDrop ND-1000 spectrophotometer (Thermo 
Scientific, UK).  

Equal quantities of purified total RNA were pooled into 10 samples: 
gill control, digestive gland control, gill diesel WAF 24 h, digestive 
gland diesel WAF 24 h, gill diesel WAF 72 h, digestive gland diesel 
WAF 72 h, gill phenanthrene, digestive gland phenanthrene, gill 
sewage, and digestive gland sewage, and the pools were used for 
synthesis of non-normalized full-length double-stranded cDNA (ds-
cDNA). cDNA libraries were constructed for each sample using the 
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SMARTer PCR cDNA Synthesis Kit (Clontech, Paris) according to the 
manufacturer’s instructions. Full-length ds-cDNA templates were then 
amplified by long-distance PCR using the Advantage 2 PCR Kit 
(Clontech, Paris). To ensure that the PCR products were not over 
amplified, the optimal number of PCR cycles was determined according 
to the manufacturer’s guidelines, which was verified by agarose gel 
electrophoresis. The products were purified with DNA Clean & 
Concentrator™-5 Kit (Zymo Research, USA). The amplified cDNA 
libraries were verified for quality by microcapillary electrophoresis 
(Agilent Bioanalyzer 2100, Agilent Technologies) and quantified 
using NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 
UK).  

 

Transcriptome pyrosequencing 

cDNA libraries obtained from the gill and digestive gland of each 
treatment were pooled into four samples based on the tissue and 
treatment: (1) gill and digestive gland control, (2) gill and digestive 
gland sewage, (3) gill and digestive gland phenanthrene, (4) gill and 
digestive gland 24 h and 72 h diesel WAF. The libraries were then 
submitted to size-selection in a gel and cDNA fragments larger than 700 
bp were sheared by nebulisation into smaller pieces (500 – 700 bp) to 
produce short, random fragments appropriate for 454 sequencing. Each 
library was sequenced twice (large and small fragments) and MID tags 
were used to enable subsequent identification of size-selected portions 
from each library dataset. The eight tagged cDNAs libraries (two for 
each cDNA library) were then combined and pyrosequenced on the half 
of a PicoTiter Plate using the 454 Genome Sequencer FLX System 
according to the manufacturers' instructions (454/Roche, 
http://www.454.com). Pyrosequencing was performed by the Center for 
Genomic Research at the University of Liverpool. 

 

Sequence data analysis and assembly 

The raw sequence data obtained from the four cDNA libraries were 
pooled and subject to filtering and trimming of SMARTer™ adaptors 
for cDNA synthesis, primers, poly (A/T) tails and potential 
contaminating vector sequences. Following the sequence trimming and 
size selection (>150 bp), the reads were assembled using SeqMan NGen 
v 3.0.4 (DNASTAR). Default parameters for de novo assembly of ‘454’ 
reads were used, except for two settings: the ‘Min Match Percentage’ 
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was set to 80 (instead of 85) and minimum number of reads to form a 
consensus sequences, which was set to a minimum of 2 (instead of 10). 
The first parameter represents the minimum percentage of identity 
required to join two sequences in the same contig and the second was 
chosen in order to assemble low frequent reads, which can represent 
weakly transcribed genes. 

 

Functional annotation  

Following the de novo assembly, contigs and singletons were 
compared to NCBI’s non-redundant (nr) nucleotide database using 
blastn (E value threshold of 10-6) to identify putative contamination by 
ribosomal RNA, genomic DNA and mitochondrial DNA. Sequences 
that did not have blastn matches to the sequences cited above were 
aligned against the NCBI non-redundant (nr) protein database using 
blastx algorithm, with a cutoff E value of < 10-6. Both blastn and blastx 
similarity searches were performed using Blast2GO PRO v.2.5.0 
software (Conessa et al., 2005). Resulting top 10 blastx hits were fed 
into Blast2GO in order to retrieve associated Gene Ontology (GO) terms 
describing biological processes, molecular functions, and cellular 
components. By using specific gene identifiers and accession numbers, 
Blast2GO produces all GO annotations as well as corresponding enzyme 
commission numbers (EC) for sequences with an E value cut off set at 
10-6. InterPro terms were also obtained from InterProScan at EBI, 
converted and merged to GOs using Blast2GO software. Finally, the 
KEGG (Kyoto Encyclopedia of Genes and Genome) orthology (KO) 
identifiers, or the K numbers, were generated using the web-based 
server KAAS (KEGG Automatic Annotation Server) (Moriya et al., 
2007), resulting in the mapping of putative KEGG metabolic pathways 
of C. brasiliana. 

 
Results and discussion 
454 sequencing and de novo assembly of the oyster transcriptome 

We created 10 non-normalized cDNA libraries based on RNA 
extracted from the gill and digestive gland of C. brasiliana exposed to 
three environmental contaminants: domestic sewage, phenanthrene and 
diesel fuel water-accommodated fraction (WAF), plus a control group. 
From these, four cDNA libraries were pooled based on the tissue and 
treatment, and were subjected to a single 454 GS-FLX run. This 
sequencing run yielded a total of 96,582,549 bp of sequence data, in 
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the form of 399,291 raw reads with an average length of 260 bp. After 
cleaning the data and removing small reads (<150 bp), a total of 
246,514 reads were assembled into contiguous sequences (contigs), 
and 152,777 reads were identified as singletons (reads not assembled 
into contigs), which were excluded from further analysis. An 
overview of the sequencing and assembly process is presented in 
Table 1.  

 

Table 1. Summary statistics for 454 sequencing and assembly for 
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 novo assembly of the clean reads produced 20,938 contigs, 

ranging in size from 144 to 4,662 bp, with an average length of 575 bp. 
10,260 contigs were greater than 500 bp (49.0%), of which 1,556 
(15.2%) were longer than 1 Kb, and 50% of the assembled bases were 
incorporated into contigs greater than 911 bp (N50 = 911 bp). These 
results resembled the size distribution of contigs generated from 454 
reads reported in previous studies (Bettencourt et al., 2011; Fraser et al. 
2011; Hou et al., 2011). The size distribution of the contigs is shown in 
Figure 1A. The average number of reads per contig was 12 (range 2-
38,260 number of reads). 247 contigs comprised more than 100 reads, 
with the largest contig of 4,462 bp comprising 504 sequences. Only one 
contig (860 bp in size) comprised more than 7,000 reads, containing the 
most reads with 38,260 sequences. Nonetheless, the length of contigs 
was significantly correlated with the number of sequences assembled 
into them (Figure 1B) (Pearson r = 0.53; n = 20,938; p < 0.0001), as 
expected for 454 reads (Parchman et al., 2010). 
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Figure 1. Overview of the Crassostrea brasiliana transcriptome assembly. (A) 
Frequency distribution of contig length. (B) Frequency distribution of the 
number of reads assembled into contigs. 

 
Functional annotation 

One objective of this study was to assign hypothetical protein 
sequence and function to each EST. All contigs were used as queries to 
search annotated protein databases and were assigned a gene description 
and/or GO term using Blast2GO platform (Götz et al., 2008). However, 
we annotated our dataset by first searching the NCBI non-redundant (nr) 
nucleotide databases using blastn (E value threshold of 10-6) to identify 
rRNA genes and mitochondrion sequences (search in hit description for 
the exact word ‘mitochondrion’, referred here as mtDNA). The rational 
for selecting blastn algorithm for initial search lies in the absence of 
blastx hits of most contigs with matches to rRNA genes and mtDNA 
(data not shown), which could lead to biases in the types of genes during 
the annotation of the C. brasiliana transcriptome. Of 20,938 contigs, 
127 had matches to rRNA genes and 90 to mtDNA sequences, 
representing 1.04% the entire contig dataset. The majority of the 217 
contigs annotated using blastn corresponded to oyster rRNA and 
mtDNA, with 88.19% of rRNA genes and 98.89% of mitochondrion 
sequences matching Crassostrea sp. sequences. Of the 127 contigs that 
had matches to rRNA genes, 57 hit to C. virginica, 20 to C. gigas and 12 
to C. brasiliana. This result seems to represent the ESTs availability for 
the Crassostrea genus at the NCBI database, which is dominated by C. 
gigas sequences, followed by C. virginica, representing 93.36% and 
6.59%, respectively, of all ESTs for this genus. Likely, of 90 contigs 
with hit to mitochondrion sequences, 58 matched to C. virginica, 26 to 
C. hongkongensis, 2 to C. gigas, 1 to C. iredalei and 1 to C. nippona. 
Besides representing the major availability of genomic sequences for 
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these species, the results also show the relative close relationship 
between C. brasiliana to C. virginica, as previously reported by Melo et 
al. (2010). 

Excluding sequences with best blastn hits to rRNA genes and 
mitochondrion sequences, 20,721 (98.96%) sequences were annotated 
by searching the NCBI non-redundant (nr) protein database using blastx 
(E value < 10-6). A total of 7,466 contigs (36.04%) had significant blastx 
matches. Of these, 7,401 were aligned to Eukaryotic proteins, and 65 
sequences hit to Prokaryotic and viruses proteins (0.31%), which were 
excluded from the C. brasiliana transcriptome dataset. Contigs with 
significant blastx hits corresponded to 6,015 unique accession numbers, 
of which 542 were matched by multiple queries. These 542 subject 
sequences were matched by 1,386 query sequences (~2.56 matched 
queries per subject, on average). The average length of annotated 
contigs was 691 bp, while non-annotated contigs averaged 509 bp. 
Nonetheless, longer contigs were more likely to have blastx matches to 
the NCBI annotated protein databases; logistic regression indicated that 
contigs length was a significant explanatory variable of the presence of 
blastx match to the annotated protein database (slope = 0.0024; intercept 
= -1,997, p = <0.0001). 71.4% of our contigs over 1 kb in length had 
blastx matches, whereas only 12.1% of contigs shorter than 300 bp did.  

The percentage of sequences of C. brasiliana with functional 
annotation is consistent with the 30 to 40% values previously reported 
for de novo transcriptome assemblies of non-model eukaryotes (Fraser 
et al., 2011; Parchman et al., 2010; Vera et al., 2008). Interestingly, the 
frequency of annotated contigs of the present study (36%) is higher 
when compared to other non-model marine invertebrates which EST 
collections have been recently sequenced (c.f. 12% in the 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 krill 
Euphausia superba (Clark et al., 2011) and 28% in the Yesso scallop 
Pactinopecten yessoensis (Hou et al., 2011). This can be due to the 
increased number of large scale transcriptome projects of non-model 
organisms, which has resulted in higher availability of sequences in 
public databases for phylogenetically closely related species (Ekblom; 
Galindo, 2011). In fact, taxa with the most matches were amphioxus 
(Branchiostoma floridae; 959 matches, 13%), acorn worm 
(Saccoglossus kowalevskii; 785 matches, 11.1%), purple sea urchin 
(Strongylocentrotus purpuratus; 317 matches, 4.5%), and Pacific oyster 
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(Crassostrea gigas; 316 matches, 4.5%) (Figure 2). Nonetheless, among 
the matches with B. floridae and S. kowalevskii, only 21 and 41 contigs, 
respectively, corresponded to known proteins, and the remaining 
sequences were related to hypothetical or predicted proteins. The 
similarity of blastx results with those species further supports their close 
evolutionary relationship with molluscs (Eirín-López et al., 2008; 
Putnam et al., 2008).  

 
Figure 2. Species distribution of the top blastx hit in NCBI nr protein database 
for each contig of the Crassostrea brasiliana transcriptome. Asterisks denote 
bivalve mollusc species. 

 
Oyster sequences that had matches in NCBI nr protein database 

were subject to Gene Ontology (GO) analysis in Blast2GO in order to 
assign putative functions for the C. brasiliana ESTs. GO terms allow a 
coherent annotation of genes products based on a controlled 
vocabulary and hierarchical relationships for molecular function, 
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cellular component and biological processes (Ashburner et al., 2000). 
Of 7,401 annotated sequences, 6,379 (86.2%) were assigned with one 
or more GO terms, which were further validated resulting in 4,381 
annotated sequences (59.2%). Due to the “true path rule”, this 
validation step removes parent terms when a child term is present, 
assuring more specific functional annotations for a given sequence 
(Götz; Conesa, 2011). Following this approach, a total of 25,046 GO 
assignments were obtained, with 44.5% for Biological Process, 30.5% 
for Molecular Function, and 24.1% for Cellular Component. Among 
the 4,381 transcripts for which we obtained GO terms, we observed a 
wide diversity of functional categories represented on the GO 
database. Figure 3 shows a total of 20 GO categories for all three 
major GO functional domains into which the transcripts were 
classified. The most prominent GO Biological Process categories were 
“translation” (GO:0006412), “metabolic process” (GO:0008152) and 
“oxidation reduction” (GO:0055114 ) (each with 8-10% of the total). 
Within the GO Molecular Function, “protein binding” (GO:0005515) 
was most prevalent term, followed by “ATP binding” (GO:0005524) 
and “binding” (GO:0005488) (each with about 10-14%). Regarding 
the GO Cellular Component, the most represented categories were 
“cytoplasm” (GO:0005737), “nucleus” (GO:0005634), followed by 
“cytosol” (GO:0005829) (each with 11-13% of total hits). Together, 
the overall distribution of GO categories suggests that the 454 
sequencing provided a comprehensive representation of the C. 
brasiliana transcriptome.  

 

 

A 
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Figure 3. Gene Ontology GO terms for the transcriptome sequences of 
Crassostrea brasiliana. (A) GO Biological Process, (B) GO Molecular Function 
and (C) GO Cellular Component. 
 

Despite GO analysis, we searched the annotated sequences for the 
enzyme commission (EC) numbers using Blast2Go. EC numbers were 
assigned to 1,341 sequences, with 31.1% and 30.4% corresponding to 
transferases and hydrolases, respectively, followed by oxidoreductases 

C 

B 
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(16.7%) and ligases (13.2%) (Figure 4). To further evaluate the 
effectiveness of our annotation process, we assigned the annotated 
sequences for the KEGG orthology (KO) identifiers, or the K numbers, 
using the web-based server KAAS (KEGG Automatic Annotation 
Server) (Moriya et al., 2007). In total, out of 7,401 annotated 
sequences, 2,673 sequences had K numbers. To identify the biological 
pathways that are active in C. brasiliana, the 2,673 KO identifiers 
were integrated into the KEGG resource by the KAAS service, 
resulting in the assignment to 276 different KEGG pathways. The 
number of pathways identified in this study is superior to other 
previous studies (i.e. Hao et al., 2011; Hou et al., 2011) and might 
suggest that the C. brasiliana sequence data contain a large diversity 
of genes involved in a variety of biological processes, and do not 
contain notable biases towards particular categories of genes. The 
pathways with most representation by the unique sequences were 
“ribosome” and “spliceosome”, followed by “oxidative 
phosphorylation”, “protein processing in endoplasmic reticulum” and 
“RNA transport”. Interestingly, “Huntington's disease” and 
“Alzheimer's disease” were amongst the well-represented metabolic 
pathways which might suggest a bias in favour to well annotated 
human genes available in public databases. Moreover, pathways 
commonly related to xenobiotic biotransformation and response to 
stress in aquatic organisms were represented by sequences classified 
into “metabolism of xenobiotics by cytochrome P450”, “drug 
metabolism - cytochrome P450”, “drug metabolism - other enzymes”, 
“glutathione metabolism”, “and “pentose phosphate pathway”. Taken 
together, the putative KEGG pathways identified in the current study 
shed light on specific responses and functions involved in the 
molecular processes of C. brasiliana. Additionally, these annotations 
provide a valuable resource for the identification of novel genes 
involved in the pathways of xenobiotic biotransformation and stress 
responses.  
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Figure 4. General enzyme classification based on enzyme commission (EC) 
numbers for the contigs of Crassostrea brasiliana. 
 
Detection of transcripts encoding proteins involved in xenobiotic 
biotransformation  

In Eukaryotes, the biotransformation of most lipophilic xenobiotics 
can be divided in three phases. During phase I, polar groups are 
introduced into the xenobiotic molecule, which is usually catalysed by 
the cytochrome P450 enzymes, making it a suitable substrate for phase 
II reactions. The metabolites formed by phase I reactions may undergo 
further metabolism by conjugation to polar endogenous substrates which 
is mainly catalyzed by enzymes like glutathione S-transferases (GSTs) 
and sulfotransferases (SULT) whereby lipophilic compounds are 
transformed into hydrophilic conjugates (Walker et al., 1996). In phase 
III specialized transporters recognize the conjugates, and expel them out 
of the cell (Homolya et al., 2003). Thus, the response of enzymes 
belonging to those phases represents a defence mechanism developed by 
an organism exposed to contaminants and have been used as biomarkers 
to evaluate both exposure to, and effects of, environmental pollutants. 
Based on this assumption and considering the importance of oysters for 
aquatic biomonitoring programs, the most interest of our research was to 
identify the presence of transcripts involved in the metabolism of 
xenobiotic biotransformation and associated antioxidant defence, 
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providing a baseline for future studies on the environmental stress 
response of C. brasiliana. Therefore, the selection of candidate genes 
involved in phases I, II and III presented in Tables 2 and 3 was based 
on queries matching xenobiotics detoxification-related criteria 
allowing the identification of relevant sequences from the oyster 
transcriptome.  

 
Transcripts encoding putative CYP450s 

A total of 41 CYP450-related contigs were identified in the 
reference transcriptome. The transcripts were first identified based on 
the closest blastx hits in the NCBI nr database, followed by the 
identification of at least one of the descriptors provided by the InterPro 
Scan: IPR001128 (Cytochrome P450 Family); IPR002401 (Cytochrome 
P450, E-class, group I); Pfam domain PF00067 (Cytochrome P450); 
and/or SSF48264 (Cytochrome P450 superfamily). Of 41 contigs with 
matches to CYP450s, 11 did not have an InterPro ID, but were manually 
blasted against the protein NCBI nr database, confirming our 
provisional annotation as putative CYP450s using an E value cut off of 
10-6 and a minimum of 40% identity with the subject sequence. 
CYP450s were assigned to nine CYP families, and the representatives of 
all major CYP clans in protostomes (2-4 and mitochondrial; Karatolos et 
al., 2011) were found in this dataset (Table 2). Of 41 identified 
CYP450s, 11 belonged to the CYP2 family, nine to the CYP4 family, 
eight to the CYP17 family, seven to the CYP3 family and the rest to 
the CYP1, CYP20, CYP24, CYP27 and mitochondrial families 
(Table 2).  

Among the putative CYP450 families with ecotoxicology interest 
identified in this study, CYP1 and CYP2 are known to be implicated in 
the metabolism of environmental contaminants of deuterostomes 
(Nebert; Russel, 2002; Kubota et al., 2011). The involvement of CYP 
families in protostomes is weakly known, but in insects, CYP3 and 
CYP4 seem to be involved in the metabolism of insecticides 
(Feyereisen, 2006). Likely, CYP2 and CYP4 families were recently 
identified and suggested to be involved in defences against toxic 
chemicals in bivalve molluscs (Zanette et al., 2010; Miao et al., 2011, 
respectively). In this study, transcripts encoding putative CYP2 family 
were most representative followed by CYP4 and CYP17. The CYP2 
gene family is the largest and most diverse CYP family, which has 
evolved complex roles in physiology and toxicology, and diverse 
regulatory mechanisms (Goldstone et al., 2006). Interestingly, 
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cormorants exposed to environmental pollutants showed differential 
regulation in the transcription level which was dependent on the 
chemical class, with chlorinated compounds exerting no effects on these 
genes whilst perfluorinated compounds were negatively correlated to 
CYP2 levels (Kubota et al., 2011). However, in a recent study carried 
out in our laboratory, oyster C. brasiliana showed an up-regulation of 
CYP2-like genes following short-term exposure to phenanthrene2.  

 
Table 2. Summary information for the identified Crassostrea brasiliana 
genes putatively involved in phase I of the metabolism of 
biotransformation of xenobiotics.  

Candidate genes Occurrence* 
Average contig 

size 
Average reads 

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 had a hit with the corresponding 
proteins in the NCBI nr database. §Clan classification according to Nelson (1998). 

 
Despite CYP2, transcripts encoding putative CYP17 proteins were 

well represented in C. brasiliana transcriptome (Table 2). Based on the 
closest blastx hits in the NCBI nr database these transcripts had a high 
similarity to CYP356A1 of C. gigas, which is closely related to 
members of the CYP17 and CYP1 families (Toledo-Silva et al., 2008). 
Although CYP17 is thought to be related to the steroid metabolism, the 
role of homologous sequences of the xenobiotic detoxification is also 
suggested (Toledo-Silva et al., 2008). In fact, CYP356A1-like was over-
                                                           
2 See Chapter 5. 
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expressed in the gill of C. brasiliana exposed to phenanthrene1 and 
together with CYP2 are therefore candidate biomarkers for PAH 
biotransformation in bivalve molluscs. Furthermore, two sequences 
were aligned to CYP1 family, which is reported to be the main phase I 
enzyme family involved in PAHs metabolism. However, the role and 
even the existence of CYP1 in molluscs are poorly known, requiring 
more studies to address this issue. 

The CYP4 gene family encodes a diverse number of enzymes, with 
functions related to the hydroxylation of fatty acids and eicosanoids in 
vertebrates (Kikuta et al., 2002), and xenobiotic biotransformation in 
polychaetes and insects (Rewitz et al., 2006). Likely, a wide variety of 
factors have been showed to regulate CYP4 family members, ranging 
from hormones in vertebrates (Simpson, 1997) to dissolved oxygen in 
bivalves (Snyder et al., 2001). There is also recent evidence of the 
regulation of environmental pollutants on CYP4 related genes in 
bivalves, in which benzo[a]pyrene (BaP) decreased the transcription 
levels of CYP4 in scallops (Miao et al., 2011). In the present study, the 
number of genes encoding putative CYP4 genes is close to that in the 
whitefly Trialeurodes vaporarium and in the bed bug Cimex lectularius, 
where 13 and 17 sequences were identified, respectively (Karatolos et 
al., 2011; Bai et al., 2011). Finally, less abundant transcripts encoding 
other CYP450 families were identified in C. brasiliana reference 
transcriptome and fell in Clans 3 and Mitochondrial (Table 2). 

 

Transcripts encoding putative glutathione S-transferases (GSTs) and 
sulfotransferases (SULTs) 

In the C. brasiliana dataset 25 contigs were identified with high 
sequence similarity to GSTs. The transcripts were first identified based 
on the closest blastx hits in the NCBI nr database, followed by the 
identification of at least one of the descriptors provided by the InterPro 
Scan: IPR004045 (Glutathione S-transferase, N-terminal); IPR010987 
(Glutathione S-transferase_C-like); Pfam domain PF00043 (Glutathione 
S-transferase, C-terminal domain); and/or Pfam domain PF02798 
(Glutathione S-transferase, N-terminal domain) for the identification of 
both cytosolic or microsomal GSTs. Furthermore, a search for 
microsomal GSTs was carried out by the identification of the MAPEG 
(Membrane-Associated Proteins in Eicosanoid and Glutathione 
metabolism) descriptors derived from InterPro Scan: IPR023352 
(MAPEG domain); IPR001129 (MAPEG protein); and Pfam domain 
PF01124 (MAPEG family). Ten sequences did not have InterPro IDs 
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but were manually aligned against the protein NCBI nr database, 
confirming our provisional annotation as putative GSTs using an E 
value cut off of 10-6 and a minimum of 40% identity with the subject 
sequence. Of the 26 GST-related contig sequences, 20 were assigned to 
seven cytosolic classes and six to three microsomal GSTs (Table 3). 
Interestingly, independent on the GST class the percentage of similarity 
between C. brasiliana putative GSTs and those of other species was 
higher (> 40%) than in GSTs sequences of other mollusc species, such 
as C. gigas (Boutet et al., 2004) and Mytilus edulis (Lüdeking and 
Kohler, 2002).  

 
Table 3. Summary information for the identified Crassostrea brasiliana 
genes putatively involved in phases II and III of the metabolism of 
biotransformation of xenobiotics.  

Candidate genes Occurrence* 
Average contig 

size 
Average reads 

per contigs 
Phase II - 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 II - Sulfotransferases 
Sulfotransferases 8 572 bp 4 
Phase III - Multidrug resistance proteins 
MRP1 8 514 bp 4 
MRP4 1 489 bp 3 

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

 
Most of the identified GSTs were assigned to the sigma (6 

sequences), followed by the omega class (4 sequences), members of 
which are known to play a role in the xenobiotic detoxification and in 
the protection against oxidative stress (Board et al. 2000; Fonseca et al, 
2010; Milan et al., 2011). Indeed, omega GST has recently been 
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reported to be useful as a biomarker for hydrocarbon3 and domestic 
sewage exposure in oysters (Boutet et al., 2004). The remaining contigs 
identified here with matches to cytosolic forms were further designed 
into putative pi, mu, theta, rho and theta classes. Of these, pi GST is 
known to inactivate products of oxidative damage, such as 
lipoperoxidation products, lipid hydroperoxides and their derivatives 
(Doyen et al., 2008) which has been implicated to play an important role 
in the detoxification of BaP in scallops (Miao et al., 2011). Mu class has 
also been proposed as biomarkers for hydrocarbons exposure in oysters, 
since it was over-expressed in C. gigas under chemical stress conditions 
(Boutet et al., 2004). Additionally, class theta, which has recently been 
identified as most responsive cytosolic GST in fish challenged with 
organic compounds (Williams et al., 2008), was well represented in this 
study although very little is known of this class in molluscs (Whalen et 
al., 2008). Interestingly, the contig assembled by the most reads (contig 
504) aligned to rho class (103 reads), which appears to match peptides 
to theta GST sequences (Whalen et al., 2008). In fact, one contig 
provisionally assigned to the rho class also presented high identity 
(>60%) to the theta family of fish (data not shown). This is not 
surprising considering that rho and theta classes were similarly 
responsive to organic compounds in the flounder Platichthys flesus 
(Williams et al., 2008). 

With regards to microsomal GSTs, six contigs were likely to be 
assigned to MAPEG family, with subgroups 1 (MGST1) and 3 
(MGST3) most represented (Table 3). MAPEG members constitute a 
unique branch where most of the proteins are involved in the production 
of eicosanoids (Hayes et al., 2005), although evidences show that 
microsomal GSTS are capable of detoxifying organic xenobiotics in fish 
and human (Hayes et al., 2005; Williams et al., 2008). Finally, and not 
less important, transcripts encoding sulfotransferases (SULTs) were also 
identified in the C. brasiliana transcriptome (Table 3). These genes 
were assigned to putative SULTs following the identification of one of 
the descriptors derived from InterPro Scan: Pfam domain PF00685 
(Sulfotransferase domain) and/or IPR000863 (Sulfotransferase domain). 
Two contigs did not have InterPro IDs but were assigned by the same 
criteria described above for CYPs and GSTs. The presence of putative 
SULTs, a key component of phase II metabolism of endogenous and 
exogenous compounds, suggests a role in the detoxification or endocrine 
                                                           
3 See Chapter 5. 
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metabolism of oysters, as previously suggested for mussel (Janer et al., 
2005; Lavado et al., 2006). Furthermore, expression of SULTs enzymes 
has recently been associated to PAHs in the channel catfish Ictalurus 
punctatus (Gaworecki et al., 2004), although their inducibility is yet to 
be confirmed for several species, including molluscs (Janer et al., 2005; 
Milan et al., 2011; Roméo and Wirgin, 2011).  

 
Transcripts encoding putative multidrug resistance proteins (MRPs) 

Conjugates formed by phase II reactions are eliminated from the 
cells by the transport across the plasma membrane into the extracellular 
space, which is mediated by the multidrug resistance proteins (MRPs) 
(Homolya et al., 2003). Nine MRPs exist and all belong to the 
superfamily of ATP-Binding Cassette (ABC) transporters (Hayes et al., 
2005). In the C. brasiliana dataset nine contigs were identified as 
putative MRPs based on the closest blastx hits in the NCBI nr database, 
followed by the identification of at least one of the descriptors provided 
by the InterPro Scan: IPR003439 (ABC transporter-like); IPR001140 
(ABC transporter); IPR011527 (ABC transporter, transmembrane 
domain, type 1); IPR017940 (ABC transporter, integral membrane, type 
1); Pfam domain PF00005 (ABC transporter); and Pfam domain 
PF00664 (ABC transporter transmembrane region). Two contigs did not 
have InterPro IDs but were manually annotated by the same criteria 
described before. Of the nine contigs with MRPs matches, 8 were most 
likely to be related to MRP1 and only one to MRP4 (Table 3). In 
mammals, MRP1 is thought to export phase II-by products and 
compounds complexed with endogenous glutathione (GSH), and plays, 
therefore, an essential role in detoxification and defence against 
oxidative stress (Homolya et al., 2003). In aquatic invertebrates, MRPs 
are called as multixenobiotic resistance (MXR), and even without a 
clear classification as for mammals, are known to provide protection 
against toxicants (Luckenbach and Epel, 2008). In fact, previous 
examination has shown an over-expression of MXR-like genes in C. 
gigas exposed to domestic sewage (Medeiros et al., 2008). Taken 
together our findings suggest the importance of MRPs genes in 
providing protection against environmental pollutants of C. brasiliana. 

 
Detection of antioxidant genes of interest for ecotoxicology 

Given that the exposure to pollutants and further biotransformation 
may generate reactive oxygen species (ROS) that have the potential to 
cause damage to DNA, proteins and lipids, we are also interested in 
genes that participate in general antioxidant defence. Cellular protection 
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against the deleterious effects of ROS cells has been attributed to a 
complex network composed by both enzymatic and nonenzymatic 
antioxidants (Halliwell and Gutteridge, 2007). A number of contigs 
encoding genes putatively involved in the antioxidant defence were 
identified in the C. brasiliana transcriptome (Table 4). The transcripts 
were identified based on the closest blastx hits in the NCBI nr database 
and included those encoding the following enzymes: superoxide 
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), 
thioredoxins (Trx) (also the thioredoxin reductase - TrxR and 
thioredoxin peroxidase - TPx), peroxiredoxin (Prx), glutaredoxin (Grx), 
glutathione reductase (GR), quinone oxidoreductase (also called DT-
diaphorase), and the ancillary enzyme glucose-6-phosphate 
dehydrogenase (G6PDH). Of those, Trx-related contigs were the most 
represented in our dataset (11 contigs with 7 reads in average). Trx-
related enzymes are involved in thiol-based redox regulation and belong 
to a thioredoxin (Trx) superfamily, which also consists of GPx, Prx and 
Grx (Shchedrina et al., 2007). Such activities have been proposed to 
protect against metal exposure and virus-induced oxidative stress in 
molluscs (Nikapitiya et al., 2009; Trevisan et al., 2011), and thus may 
represent interesting antioxidant biomarkers with promising potential for 
ecotoxicological studies in C. brasiliana.  
 
Table 4. Summary information for the identified Crassostrea brasiliana 
genes putatively involved in the antioxidant defence system.  

Candidate genes Occurrence* 
Average 

contig size 
Average reads 

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 had a hit with the corresponding 
proteins in the NCBI nr database. 
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Contigs with similarity to SOD and CAT enzymes were assembled 
by the most reads, in average 45 and 22 respectively, suggesting their 
involvement in the cellular protection against ROS of C. brasiliana 
challenged with environmental pollutants as previously reported for 
mussel and limpet (Ansaldo et al., 2005; Cheung et al., 2004; Lima et 
al., 2007). Furthermore, two contigs were identified with high sequence 
similarity to quinone oxidoreductase, or DT-diaphorase. The latter 
enzyme is generally considered as a detoxification enzyme because of 
its ability to reduce reactive quinones to less reactive and less toxic 
hydroquinones (Siegel et al., 2004). Knowledge about DT-diaphorase in 
invertebrates is still limited, but a few reports have demonstrated its 
potential function as antioxidant in molluscs (i.e. reviewed by Manduzio 
et al., 2005). Altogether these findings show promising insight for 
understanding antioxidant metabolism in oysters, however further 
functional studies (such as the analysis of transcript levels) are 
required to elucidate the role and regulation of such genes in C. 
brasiliana.   

 
Contribution of the environmental contaminants to the genes of interest 
for ecotoxicology  

To reveal if the environmental contaminants contributed to the 
overall C. brasiliana transcriptome, we analysed the reads within the 
113 contigs under the 33 functional gene groups of interest for 
ecotoxicology presented in Tables 2, 3 and 4. Among the 9 CYP-related 
gene groups, the families 2, 3, 4 and 17 were mostly originated from the 
environmental contaminants, whereas CYP1-like and CYP20-like genes 
were equally represented by reads originated from control and exposed 
groups. Among these, CYP family 2 was the most represented by reads 
from the diesel and domestic sewage treatments, indicating its role in 
detoxification of organic compounds such as PAHs, which has been 
previously reported in cormorant and mouse (Kubota et al., 2011; 
Schober et al., 2010). Similarly, contigs of family 17 were generated by 
reads from all the exposed groups, with higher contribution of diesel 
exposure (Table 5). On the other hand, the families 24, 27 and CYP 
mitochondrial were generated by reads from stressed groups only; 
although those contigs were produced by three sequences each 
(Table 5).  

Concerning contigs of the functional gene groups of phase II 
biotransformation of xenobiotics, GST omega, followed by GST theta, 
GST sigma, sulfotransferase, GST rho and GST microsomal 2 were 
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most generated by reads from the diesel experiment. In addition, GST 
sigma was well represented by reads from the sewage group. 
Interestingly, phenanthrene exposure contributed mainly to contigs of 
the functional groups GST omega, GST mu, GST alpha and GST 
microsomal 3 (Table 5). This finding is consistent with previously 
documented report that PAHs induced GST omega and GST mu in 
different tissues of C. gigas (Boutet et al., 2004). With regards to phase 
III genes, the environmental contaminants with most contribution were 
diesel for both MRP1 and MRP4, followed by phenanthrene for MRP1, 
and sewage for MRP4 (Table 5). Those preliminary analyses showed 
that the presence of contigs of phase I, phase II and phase III of 
xenobiotic metabolism in C. brasiliana are mainly due to the chemical 
exposures. 

Among the functional gene groups related to antioxidant defence 
system, glutathione reductase, quinone oxidoreductase and G6PDH 
were generated mainly by reads from phenanthrene exposure. Likely, 
catalase was originated by sequences from phenanthrene, although reads 
from further treatments contributed to the generation of this gene group. 
In addition, diesel contributed mainly for the generation of contigs of 
peroxiredoxin, thioredoxin peroxidase, G6PDH and thioredoxin 
functional groups (Table 5). Interestingly, the environmental 
contaminants seemed to contribute in a lesser extent to the contigs of 
SOD, GPx and glutaredoxin functional groups, which might suggest a 
general response in oysters challenged under controlled laboratory 
conditions.  

Combining detoxification of xenobiotics and antioxidant results, we 
can suggest that all the environmental contaminants applied in this study 
contributed to the C. brasiliana transcriptome. The results also suggest 
that some classes of genes are more influenced by a particular 
contaminant, indicating its potential application as molecular biomarker 
in biomonitoring programs. However, additional experiments using 
approaches such as quantitative real-time PCR and/or global mapping 
sequences to the reference transcriptome are required to validate the 
results from this preliminary analysis. 
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Table 5. Contribution of each environmental contaminant to generate 
the contigs under the functional gene groups of interest for 
ecotoxicology. 
Candidate genes Control Sewage Phenanthrene Diesel WAF 
Phase I     
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 II     
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 III     
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 describe a de novo transcriptome for the 

mangrove oyster Crassostrea brasiliana using 454 pyrosequencing 
technology with emphasis to pathways related to detoxification of 
environmental contaminants. To date, the lack of genomic data available 
for this species has hampered characterization of the molecular 
mechanisms underlying resistance to aquatic contaminants. The ~20,000 
genes described here represent a dramatic expansion of existing cDNA 
sequence available for C. brasiliana. We have identified genes that are 
potential candidates as biomarkers for ecotoxicological studies including 
those encoding enzymes putatively involved in the biotransformation of 
xenobiotics and those encoding enzymes of antioxidant defence system. 
This is in agreement with previous reports on enzymatic activities on 
bivalves exposed to environmental contaminants, and adds to the current 
knowledge on the molecular biology and biochemistry of stress response 
in oysters. Furthermore, the EST libraries developed in this study can be 
used as reference transcriptome for further studies on gene expression 
using C. brasiliana and other bivalve species, addressing in particular 
the molecular mechanisms underlying the susceptibility to pollutants 
and differential stress resistance. In long term this research should be 
helpful in management of biomonitoring programs using oysters as 
bioindicator species. 
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Abstract 
Phenanthrene, a major component of crude oil, is one of the most 
abundant Polycyclic Aromatic Hydrocarbons (PAHs) in aquatic 
ecosystems, and is readily bioavailable to marine organisms. 
Understanding the fate and toxicity of PAHs in animals require 
knowledge on the xenobiotics biotransformation and antioxidant 
defence systems, which are poorly known in bivalves. In this study, 
we report, for the first time, tissue-specific transcription analysis of 
CYP-like and GST-like genes, by means of quantitative real-time PCR, 
and enzymatic and non-enzymatic antioxidant parameters in the oyster 
Crassostrea brasiliana following 24 h exposure to 100 and 1000 µg.L-

1 phenanthrene, a model PAH. The results indicated that 1000 µg.L-1 

phenanthrene can lead to the upregulation of both phase I and II genes, 
with more pronounced effects in the gill. Both CYP-like and GST-like 
are transcribed in a tissue-specific manner, reflecting the importance 
of gill in the detoxification of PAHs. The biological responses in C. 
brasiliana support the use of this organism to investigate the 
molecular mechanism underlying PAH toxicity in bivalves.  

Keywords: Crassostrea brasiliana; phenanthrene; quantitative real-
time PCR; CYP; GST; glutathione; antioxidant enzymes 

 

Introduction 
Aquatic biomonitoring programs represent a feasible tool to assess 

the health and provide early warnings of coastal and marine 
environments. However, the success of these programs relies on the 
assertive choice of parameters to be employed, which may represent a 
challenge by itself. Recent efforts have highlighted the use of a 
multiple approaches combining the assessment of biochemical, 
molecular and physiological endpoints, known as biomarkers, 
emphasising the use of mollusc species as bioindicator organisms 
(Galloway et al., 2002). Due to their worldwide distribution, 
ecological habitat and significant ability to bioaccumulate pollutants, 
bivalves, such as oysters, play a significant role in environmental 
studies (Bebianno and Barreira, 2009; Frouin et al., 2007; Lüchmann 
et al., 2011; Solé et al., 2007).  

In biomonitoring programs, differences in the response of 
biomarkers are expected to be attributed exclusively to the chemical 
exposure. Nevertheless, recent studies have reported that biomarkers 
appear to have variable responses to factors other than the contaminant 
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challenge, such as the biological rhythms, reproductive cycles and 
environmental conditions (i.e. Fernandéz et al., 2010; Forbes et al., 
2006; Zanette et al., 2011). To address this issue it is imperative 
renewed efforts to understand the biology of target species and to 
comprehend their responses to chemical exposure. This study, 
therefore, aims to gain insights regarding the acute effects of 
phenanthrene, a model polycyclic aromatic hydrocarbon (PAH). 

Phenanthrene, a 3-ring compound included in the US 
Environmental Protection Agency (EPA) priority pollutant list, is one 
of the most abundant PAHs in the aquatic environment resulting from 
human activities (US EPA, 2009). Also, its low molecular weight 
makes it more water soluble, contributing to its abundance in oil 
polluted waters where it is readily bioavailable, exhibiting a large 
bioaccumulation factor in aquatic organisms, which further potentiate 
toxic effects (Hannam et al., 2010; Oliveira et al., 2007; Yin et al., 
2007). While various mechanisms of phenanthrene toxicity have been 
proposed (Hecht et al., 2008), the most convincing evidences involve 
metabolic activation by members of the cytochrome P450 (CYP) 
superfamily (Shou et al., 1994). CYPs consist of several multigenic 
families of structurally and functionally related heme-proteins, playing 
an important role in phase I biotransformation of xenobiotics 
(Omiecinski et al., 2011). The metabolites formed by phase I reactions 
may undergo further metabolism by conjugation with an endogenous 
substrates catalyzed by “transferases” enzymes, such as glutathione S-
transferases (GSTs), resulting in more hydrophilic conjugates that are 
usually readily excreted from the organism (Omiecinski et al., 2011). 
However, while numerous studies in bivalves have shown that GST 
activity is inducible by PAHs (Banni et al., 2010; Boutet et al., 2004; 
Le Pennec and Le Pennec, 2003; Lima et al., 2007; Lüchmann et al. 
2011; Solé et al., 2007; Zanette et al., 2011), almost nothing is known 
about the phase I biotransformation in bivalves. The first basic 
question “are specific CYPs modulated in bivalves challenged by 
environmental contaminants?” remains to be determined. Along this 
lack of knowledge about the role of CYPs, the molecular mechanisms 
of phenanthrene detoxification remain to be elucidated.  

Another feasible mechanism of phenanthrene toxicity has been 
proposed to involve generation of reactive oxygen species (ROS), as 
by-products of biotransformation reactions (Reis-Henriques et al., 
2009), which may cause damage to proteins, DNA and lipids, leading 
to their functional impairment (Livingstone, 2001; Yin et al., 2007). 
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Thus, the coordinated response of different cellular defences, such as 
the antioxidant system, the biotransformation and the detoxification 
systems are important determinants in maintaining cellular function 
(Winston and Di Giulio, 1991). ROS are counteracted by an intricate 
antioxidant defence system that includes the enzymatic scavengers 
such as superoxide dismutase (SOD), catalase (CAT) and glutathione 
peroxidase (GPx). As many biochemical pathways, the ancillary 
enzymes glutathione reductase (GR) and glucose-6-phosphate 
dehydrogenase (G6PDH) are required to maintain glutathione (GSH) 
in the reduced state ant thus maintain the turnover rate of GSH-
dependent peroxidases and transferases. Due to its abundance, protein 
thiols (PSH) have been taken as an important antioxidant system 
(Reischl et al., 2007), that along with non-proteic thiols groups 
(NPSH), basically GSH, are the main reducing buffers of the cell 
(Sies, 1999). 

Based on our previous study on the biochemical responses of C. 
brasiliana to complex mixtures of water-accommodated hydrocarbons 
from diesel fuel (Lüchmann et al., 2011), the present study is the first 
attempt to elucidate the early molecular and biochemical responses to 
phenanthrene searching for its toxic mechanisms in C. brasiliana 
under controlled laboratory conditions. Two sublethal concentrations 
of phenanthrene were chosen based on previous reports carried out 
with bivalves (Hannam et al., 2010; Wootton et al., 2003) and on 
realistic environmental concentrations found nearby petroleum 
exploration area (Anyakora et al., 2005). Therefore, responses to 
phenanthrene were studied at the biochemical and transcriptional level 
of genes belonging to phase I (CYPs) and phase II (GSTs) metabolism 
of xenobiotics and on biochemical parameters related to antioxidant 
defences. The results obtained in this study may also provide 
background information on putative biomarkers which may contribute 
to enhance any decision-making in the public and/or private sectors on 
the environmental effects to petroleum industry-related accidents. 

 
Materials and methods 
Chemicals 

Phenanthrene (P1140-9; 98% purity) and all other chemicals used 
in this work were purchased from Sigma-Aldrich (São Paulo) and were 
from the highest commercial grade available. Reagents used for total 
RNA isolation were provided by Sigma-Aldrich, Invitrogen (São 
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Paulo) and Macherey-Nagel (Alvorada); kits used for cDNA synthesis 
and quantitative real-time PCR (qPCR) reactions were purchased from 
Qiagen (São Paulo). 

 

Animals and exposure conditions 

Mangrove oysters (Crassostrea brasiliana) of similar shell length 
(6.0 – 8.0 cm) were collected at an oyster farm at Sambaqui beach 
(Marine Mollusks Laboratory, UFSC) in Florianópolis, southern 
Brazil. After collection, the animals were immediately transported to 
the laboratory and placed in aerated tanks with 0.45 µm-filtered 
seawater (1 L of seawater per animal), at 21 °C and salinity 25 ppt. 
Oysters were fed twice a day on microalgae (Chaetoceros muelleri and 
Isochrysis sp.) at a density of 3.3 x 106 cels.mL-1 and 2.2 x 106 
cels.mL-1, respectively, and water was changed daily. Animals were 
maintained for at least seven days for acclimatization prior to the 
chemical exposure. Phenanthrene was first dissolved in dimethyl 
sulfoxide (DMSO) and this was then added to filtered seawater to 
achieve a final nominal phenanthrene concentration of 100 and 1000 
µg.L-1, equivalent to 0.56 and 5.6 µM, and a final DMSO 
concentration of 0.01% (v/v). Oysters were then randomly divided into 
three glass exposure tanks which were individually aerated and 
covered with glass to avoid evaporation of phenanthrene, and held 
fasting for 24 h prior to the exposure. Control group was carried out 
under similar conditions except for the introduction of 0.01% (v/v) 
DMSO only. During the 24 h exposure period control and exposed 
organisms were not fed to prevent potential bioaccumulation of 
phenanthrene by food. No mortality was observed in the control and 
treated groups. 

 

Seawater phenanthrene monitoring 

To monitor the experimental amounts of phenanthrene, 
phenanthrene concentration was followed over a 24 h period. At 
indicated intervals, a sample was collected from the DMSO-
containing seawater and from the phenanthrene-containing seawater 
in the presence and in the absence of animals. After sample 
collection, fluorimetric readings (240 nm excitation/360 nm 
emission) were immediately taken. Samples were collected in 
autoclaved 5 mL amber bottles and fluorescent readings were made 
in triplicate using a serial dilution of 2 mg.L-1 phenanthrene as 
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reference standard curve. Seawater phenanthrene analyses were 
conducted using spectrofluorimeter (Spectramax 250, Molecular 
Devices, Sunnyvale, CA). In order to determine the initial rate and 
half-life of phenanthrene disappearance due to oysters, the decrease 
in fluorescence in tanks devoid of animals was subtracted from the 
actual readings and presented as C. brasiliana-dependent 
consumption of phenanthrene.  

 

Treatment and sample preparation 

Eight oysters at each exposure concentration were sacrificed after 
24 h exposure, and tissue samples of gill and digestive gland were 
immediately excised and processed for thiol measurements. Partial gill 
and digestive gland samples were also dissected and preserved in 
RNAlater (Sigma-Aldrich) and kept on ice until frozen at -20 °C for 
further gene transcription analysis or samples were directly frozen in 
liquid nitrogen and stored at -80 °C for enzymatic assays.  

 

Gene selection 

Partial sequences for six CYP-related genes (CYP2AU1 which was 
assigned by David Nelson, two CYP2-like, CYP3A2-like, CYP356A1-
like and CYP4-like) and four GST-related genes (GST-like, GST 
omega-like, GST pi-like, GST microsomal 3-like) were selected from 
the C. brasiliana transcriptome database4. The genes were annotated 
based on the closest blastx hits in the NCBI nr database (E value 
threshold of 10-6). The alpha tubuline-like gene was used as 
endogenous reference gene (ERG). Primers were designed using 
Primer3 software, following the requirements for qPCR assays. 

 

Isolation of total RNA and procedure of reverse transcription (RT) 

Total RNA from gill and digestive gland of each oyster was 
individually isolated using TRIzol reagent (Invitrogen) and further 
purified with the Nucleospin RNA II Total RNA Isolation kit 
(Macherey-Nagel) following the supplier’s protocol with minor 
modifications. Briefly, 50 – 100 mg of each tissue was mechanically 
disrupted in the presence of 1 mL TRIzol using a homogenizer 

                                                           
4 See Chapter 4. 
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(Tissue-Tearor, BioSpec Products). TRIzol protocol was strictly 
followed until the upper aqueous phase was achieved, where 200 µL 
was transferred to a new tube for on-column precipitation using the 
Nucleospin RNA II Total RNA Isolation kit. RNA was then eluted in 
60 µL of RNase free water. The residual genomic DNA contamination 
was removed during the RNA cleanup using the RNase-free DNase I 
digestion as instructed by the manufacturer (Macherey-Nagel). RNA 
concentration and purity were then measured using a NanoDrop® ND-
1000 Spectrophotometer (Thermo Scientific). Only high purity 
samples (OD 260/280 > 1.8; OD 260/230 > 1.8) were further 
processed. 1 µg of total RNA per sample was DNase treated then 
reverse transcribed using a QuantiTect Reverse Transcription kit 
(Qiagen) with a mixture of oligo-dT and random primers. A pool of 
samples from all treatments was used for no reverse transcription 
control (NRTC) which was removed post DNase treatment but before 
the RT step. Aliquots of the RT mixture were diluted at 1/10 with 
nuclease-free water before use. The resulting neat and diluted cDNA 
and NRTC were stored at -20 °C. 

 

qPCR analysis 

The relative levels of gene transcripts in the gill and digestive 
gland from control and exposed oysters were investigated by qPCR 
using the Rotor-Gene SYBR Green PCR kit (Qiagen) and Rotor-Gene 
6000 real-time qPCR system (Qiagen) with primers specific to C. 
brasiliana (Table 1). qPCR was performed in technical duplicates for 
each sample in a 20 µL reaction volume containing 10 µL Rotor-Gene 
SYBR Green PCR kit, 1 µL of each primer (1 µM), 2 µL of diluted 
cDNA sample, NRTC or no template control (NTC) and 6 µL of 
nuclease-free water. PCR amplification was performed using the fast 
two-step cycling program as follows: 5 min at 95 °C, and 40 cycles of 
5 s at 95 °C and 10 s at 60 °C as instructed by the manufacturer. PCR 
products were subjected to melt curve analysis (ramp from 72 °C to 95 
°C, rising by 1 °C each step, acquire to green fluorescence) to ensure 
that non-specific priming was absent in samples, and selected samples 
were gel verified by electrophoresis to check for single amplicons and 
primer dimers. Each plate included negative control (NRTC to ensure 
no background DNA contamination after DNase treatment) and NTC 
(sterile water).  
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Table 1. Primer sequences used for the qPCR for the amplification of 
each target and endogenous reference gene (ERG) with putative gene 
name and amplicon size (bp). 

Gene name Primer sequence 5’-3’ Amplicon 
size (bp) 

ERG   
Alpha tubuline-
like 

F - TGA GGC CCG TGA AGA TCT TGC TGC 
R - ACC ACC CTC CTC TTC AGC TTC ACC T 

145 

Phase I biotransformation cytochrome P450 genes 
CYP2AU1 F - AAC GGC AAG AGG TGT AAG GTT TGC 

R - TAA TCC ATC ACC CGG ATT GGC AGA 
158 

CYP2-like 1 F - TCG TGC TCC TTT ACG AGT TGA CGA 
R - ATA TGC CGG GAG ATC CAT GTC GAA 

91 

CYP2-like 2 F - CGC TTC GCA GTC CAA GTT GAC AAA 
R - ATC GTG TTT GGG TTC AGG TAT GCG 

136 

CYP3A2-like F - AGT GGA CGT CAA CAA CTG GAT CGT 
R - TGG AAC ACC ATA CCT CCG GAA CAA 

103 

CYP4-like F - TTA ATG GCC AGA ACC TTT GCT GCC 
R - GAC GTC ATT GCC TCA ACT GCC TTT 

98 

CYP356A1-like F - TGT TCA GGC CCA ACA ACT CTG TCA 
R - GGG AGT GGA CTC AAC CAG ATT CAC AA 

114 

Phase II biotransformation glutathione S-transferase genes 
GST-like F - ACT CAT ACC ATC CGA CAA AGC CCA 

R - TGG CAT CCT CTG CCT TCT TCT TGA 
167 

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

175 

GST microsomal 
3-like 

F - GCA TTG TCT GGT GTG GTT TGG TGT 
R - CCT GAG AGT ATG ATG CAG CTT GCA GA 

153 

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 dilutions as follows: equal 
amounts of cDNA from all samples were pooled and serially diluted to 
generate efficiency curves from four cDNA concentrations. All 
efficiency curves had a R2 greater than 0.99 and efficiencies between 
95–105%. Cycle threshold (Ct) values corresponded to the number of 
cycle at which the fluorescence emission monitored in real-time 
exceeded the threshold limit. Ct and E were obtained using the Rotor-
Gene 6000 real-time qPCR system.  
 
Protein and non-protein thiols 

After dissection, tissue samples of gill and digestive gland 
(approximately 100 mg per animal) were immediately homogenized in 1 
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mL of 0.5 M perchloric acid, and centrifuged at 15,000 g for 2 min at 4 
°C. The supernatant was assayed for total glutathione (GSH-t) and for 
non-protein thiols (NPSH), whereas the pellet was carefully solubilised 
in 500 µL of 0.5 M Tris-HCl buffer pH 8.0, containing 1% SDS, and 
assayed for protein thiols (PSH). 

Total glutathione (GSH-t), comprising both reduced (GSH) and 
oxidized (as disulphide, GSSG) glutathione forms, was determined by 
the GR-DTNB recycling assay, as previously described by Akerboom 
and Sies (1981), using a Cary 50 UV/Vis Spectrophotometer (Varian 
Inc., Palo Alto). A standard curve using known GSH amounts was used 
to obtain actual values. 

NPSH, representing the low-molecular weight thiols such as 
glutathione and cysteine, and PSH, comprising the reduced thiols 
present in proteins, were measured colorimetrically using the Ellman’s 
reagent 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) (Ellman, 1959). For 
NPSH, the acid extract was added to 0.5 M Tris-HCl buffer pH 8.0 and 
0.25 mM DTNB. For PSH, the resuspended pellet was added to 0.5 M 
Tris-HCl buffer pH 8.0, containing 1% SDS and 0.25 mM DTNB, and 
let react for 30 minutes before readings. The thiol levels were estimated 
at 412 nm using the DTNB molar extinction coefficient of 13,600 using 
a Cary 50 UV/Vis Spectrophotometer (Varian Inc., Palo Alto). 
 
Enzyme assays  

Gill and digestive gland of each oyster were individually weighed 
and homogenized in 1:4 w/v chilled buffer (20 mM Tris-HCl buffer pH 
7.6, containing 0.5 M sucrose, 1 mM DTT, 1 mM EDTA, 0.15M KCl 
and 0.1 mM PMSF) using the tissue homogenizer Tissue-Tearor™. The 
homogenates were centrifuged at 9000 g for 30 min at 4 °C, followed by 
a second centrifugation of the supernatants at 37,000 g for 74 min at 4 
°C to obtain the cytosolic fraction. Total protein levels were quantified 
in the supernatant according to Peterson (1977) using bovine serum 
albumin as standard. 

Catalase (CAT) turnover rate was determined by the decrease in 
absorbance at 240 nm by H2O2 decomposition, according to Beutler 
(1975). Glutathione peroxidase (GPx) activity was measured indirectly 
by monitoring the NADPH oxidation rate at 340 nm according to Sies et 
al. (1979) using cumene hydroperoxide (CuOOH) as substrate. 
Glutathione reductase (GR) activity was quantified by the NADPH 
oxidation rate at 340 nm (Sies et al., 1979). Glucose-6-phosphate 
dehydrogenase (G6PDH) activity was determined following the method 
of Glock and McLean (1953), which evaluates the increase in 



 134 

absorbance at 340 nm caused by the reduction of NADP+ to NADPH. 
Glutathione S-transferase (GST) activity was assayed by increasing 
absorbance at 340 nm, using 1-chloro-2,4 dinitrobenzene (CDNB) as 
GST universal substrate (Keen et al., 1976). All enzyme assays using 
visible wavelengths were carried out using 96 wells plates reader 
(Spectramax 250, Molecular Devices, Sunnyvale, CA), while CAT 
activity was assayed in a Perkin Elmer Lambda Bio20 UV/visible 
spectrophotometer (Perkin Elmer, Cambridge). 
 
Statistical analysis 

Biochemical parameters (thiols and enzyme activities) were 
measured in 8 individuals from each treatment. Differences in mean 
values were analyzed by one-way ANOVA followed by complementary 
Tukey test when convenient. Student’s t-test was also performed to 
compare the basal levels (control groups) of thiols and enzymatic 
activities between tissues. Normality (Shapiro-Wilks test) and 
homogeneity of variances assumptions were previously checked 
(Bartlett’s test) (Zar, 1999) and outliers were excluded according to the 
Grubbs test. Differences were considered statistically significant when p 
< 0.05 and analyses were performed with the software GraphPad 5.0. 

Gene transcription levels were assessed in 7 individuals from each 
treatment. The relative mRNA expression ratio for a considered gene 
was analyzed using an efficiency corrected ∆∆Ct method, normalizing 
to the endogenous reference gene (ERG) (Pfaffl et al., 2002). p-values 
were obtained using a pair wise fixed reallocation randomization test 
(2,000 iterations) using the relative expression software tool (REST 
2009) (Pfaffl et al., 2002). Differences were considered statistically 
significant when p < 0.01. 
 
Results 
Seawater phenanthrene monitoring 

To assess phenanthrene stability during the oyster exposure, 
experimental amounts of phenanthrene (0.01% DMSO final 
concentration) were added into the seawater to provide nominal 
concentrations of 100 or 1000 µg.L-1 (Figure 1). Phenanthrene 
concentrations decreased over time in the water at an initial rate of 15.8 
+ 0.6 or 130.5 ± 12.8 µg.L-1.h-1 in the 100 or 1000 µg.L-1 tanks, an 8.3 
fold increase in the initial rate of phenanthrene consumption by the 
oyster. The spontaneous decrease in phenanthrene was subtracted from 
rates obtained in the presence of animals. As can be seen, oysters readily 
remove phenanthrene from the water, supposedly by detoxification 
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reactions, presenting a half life of 2.85 or 7.75 h at 100 or 1000 µg.L-1. 
These data undoubtedly demonstrate a high phenanthrene consumption 
rate by C. brasiliana, probably due to detoxification mechanisms, which 
remains to be proven. The 8.3 fold increase in initial decay indicates that 
the absorbing/degrading system is not yet saturated, even at the highest 
concentration studied. 

 

 
Figure 1. Disposal of phenanthrene by mangrove oysters Crassostrea 
brasiliana. Phenanthrene at 100 (A) or 1000 (B) µg.L-1 nominal concentration 
was followed in the seawater (salinity 25 ppt) over time 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 phase I 
biotransformation of xenobiotics showed a marked upregulation in the 
gill of oysters exposed to 1000 µg.L-1 phenanthrene (Figure 2A). All 
studied genes belonging to the CYP2 family were upregulated between 9 
and 16 fold, of which CYP2-like 2 showed the strongest upregulation 
(~16-fold), followed by CYP2AU1 (~12-fold), and CYP2-like 1 (~9-
fold) as compared to control group. CYP356A1-like was upregulated 
nearly 9-fold relative to the control group, while transcripts for 
CYP3A2-like and CYP4-like remained unchanged. Interestingly, only 
CYP2-like 2 gene was upregulated approximately 8-fold after exposure 
to 100 µg.L-1 phenanthrene as compared to untreated control animals 
(Figure 2A). 

Transcript levels for putative CYP-related genes in digestive gland 
(Figure 2B) exhibited a distinct pattern of response to phenanthrene 
exposure as compared to gill, with upregulation only for CYP2AU1 
(~3-fold) after exposure to 1000 µg.L-1 and none at 100 µg.L-1 

concentration. 
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Figure 2. Relative gene transcription of putative phase I biotransformation of 
xenobiotics genes in the gill (A) and digestive gland (B) of the mangrove oyster 
Crassostrea brasiliana exposed to phenanthrene at 100 µg.L-1 and 1000 µg.L-1 
for 24 h. The gene transcript levels were assessed by qPCR and transcription is 
relative to control group. Note the y axis is logarithmic to base 2. Statistical 
analysis was performed by using a pairwise fixed reallocation randomization 
test. *Represents significant transcription change (REST 2009 software 
Qiagen®, p < 0.01). 
 

Concerning genes related to GSTs putatively involved in phase II 
xenobiotics detoxification, of the four GST-related genes assayed in this 
study, two showed significant upregulation relative to the control group, 
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but only for the gill at the highest concentration of phenanthrene (1000 
µg.L-1). GST omega-like and GST microsomal 3-like were upregulated 
approximately 9-fold and 6-fold, respectively (Figure 3A). No 
significant differences were observed in GST-related genes in the 
digestive gland for both 100 and 1000 µg.L-1 groups (Figure 3B). 
 

 

Figure 3. Relative gene transcription of putative phase II biotransformation of 
xenobiotics genes in the gill (A) and digestive gland (B) of the mangrove oyster 
Crassostrea brasiliana exposed to phenanthrene at 100 µg.L-1 and 1000 µg.L-1 
for 24 h. The gene transcript levels were assessed by qPCR and transcription is 
relative to control group. Note the y axis is logarithmic to base 2. Statistical 
analysis was performed by using a pairwise fixed reallocation randomization 
test. *Represents significant transcription change (REST 2009 software 
Qiagen®, p < 0.01). GST classes/isoforms: ΩGST (omega), MGST3 
(microsomal GST isoform 3), πGST (pi). ΩGST-like could not be amplified in 
the digestive gland. 
 
Biochemical parameters 

Figure 4 shows the thiol status measured in the gill and digestive 
gland of C. brasiliana exposed to phenanthrene for 24 h. NPSH levels 
decreased in the gill and digestive gland of animals exposed to 1000 
µg.L-1 phenanthrene [F(2,19) = 4.131; p < 0.05 for gill and F(2,21) = 3.830; 
p < 0.05 for digestive gland], as shown in Figure 4A. The levels of 
GSH-t were significantly decreased in the gill following exposure to 
phenanthrene [F(2,19) = 3.662; p < 0.05]. In digestive gland, no 
significant differences in the levels of GSH-t were observed (p > 0.05) 
(Figure 4B). The levels of PSH did not differ among experimental 
groups for both tissues (p > 0.05) (Figure 4C). 
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Figure 4. Thiol status measured as levels of (A) non-proteic thiols (NPSH), (B) 
total glutathione (GSH-t) and (C) proteic thiols (PSH) in the gill and digestive 
gland (dig gd) of the mangrove oyster Crassostrea brasiliana exposed to 
phenanthrene at 100 µg.L-1 and 1000 µg.L-1 for 24 h, plus the seawater as the 
control group. Results are expressed as mean ± standard deviation (S.D.) (n = 7 
- 8 animals per group). Statistical analysis was performed by one-way ANOVA 
followed by Tukey’s post hoc analysis.*Represents significant differences, p < 
0.05. 
 

As an index of phase II biotransformation of xenobiotics, GST 
activity decreased in the gill of animals exposed to 100 µg.L-1 
phenanthrene [F(2,21) = 3.405; p < 0.05], but activity remained 
unchanged at 1000 µg.L-1 reaching similar values to the control group (p 
> 0.05) (Figure 5A), while GST activity did not change in digestive 
gland (p > 0.05) (Figure 5A). Phenanthrene treatment did not produce 
any significant alteration in antioxidant (CAT and GPx) and related 
enzymes (GR and G6PDH) in the gill or digestive gland of C. brasiliana 
(Figures 5B - E).  
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Figure 5. Graphs depict activity of the phase II biotransformation of 
xenobiotics, antioxidant and related enzymes in the gill and digestive gland (dig 
gd) of the mangrove oyster Crassostrea brasiliana exposed to phenanthrene at 
100 µg.L-1 and 1000 µg.L-1 for 24 h: (A) glutathione S-transferase (GST), (B) 
catalase (CAT), (C) glutathione peroxidase (GPx), (D) glutathione reductase 
(GR) and (E) glucose-6-phosphate dehydrogenase (G6PDH). Results are 
expressed as mean ± standard deviation (S.D.) (n = 7 - 8 animals per group). 
Statistical analysis was performed by one-way ANOVA followed by Tukey’s 
post hoc analysis.*Represents significant differences, p < 0.05. 
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Tissues differences in the levels of phase II biotransformation, 
antioxidant and related parameters of oysters from the control group are 
shown in Table 2. Oysters showed higher PSH levels and GST, GR and 
G6PDH activities in the gill, whereas CAT and GPx activities were 
significantly higher in the digestive gland. However, NPSH and GSH-t 
were not altered between tissues (p > 0.05). 
 
Table 2. Tissue levels of phase II biotransformation of xenobiotics, 
antioxidant and related parameters in the gill and digestive gland of the 
untreated (control group) mangrove oyster Crassostrea brasiliana. 
Results are expressed as mean ± standard error of the mean (S.E.M.).  

Parameters Gill Digestive 
gland 

Fold variation 
to gill 

p 

Non-proteic thiols (NPSH) 1.50 ± 0.07 1.47 ± 0.07 1.0 NS 

Total glutathione (GSH-t) 1.07 ± 0.09 0.97 ± 0.10 1.1 NS 

Proteic thiols (PSH) 6.72 ± 0.57 1.80 ± 0.64 3.7 *** 

Glutathione S-transferase (GST) 85.30 ± 3.45 55.87 ± 6.50 1.5 ** 

Catalase (CAT) 170.0 ± 7.93 317.3 ± 43.78 -1.9 ***  

Glutathione peroxidase (GPx) 3.54 ± 0.13 5.70 ± 0.32 -1.6 *** 

Glutathione reductase (GR) 21.80 ± 0.51 14.96 ± 1.85 1.5 ** 

Glucose-6-phosphate 
dehydrogenase (G6PDH) 

88.38 ± 3.66 34.25 ± 5.02 2.6 *** 

Significant differences are as follow: **p < 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 phenanthrene by the oysters 
(Figure 1), despite the presence of a small spontaneous decay, which 
provides evidence of the ability of C. brasiliana to dispose low 
molecular PAHs, confirming our previous study with this species 
(Lüchmann et al., 2011). Bioaccumulation of PAHs has also been 
reported for other bivalves, such as Crassostrea virginica (Elder and 
Dresler, 1988), Mytilus galloprovincialis (Valavanidis et al., 2008), Perna 
perna (Francioni et al., 2007) and Pecten maximus (Hannam et al., 2010).  

Once phenanthrene has been taken up by an organism it may be 
subjected to biotransformation reactions to further detoxification and 
excretion (Hannam et al., 2010). In mammals, these reactions are known 
to be mediated by the cytochrome P450 (CYP) enzymes during phase I 
biotransformation, producing reactive intermediates, such as diol 
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epoxides (Pushparajah et al., 2008; Shou et al., 1994). According to 
Hecht et al. (2008, 2009), PAH bay region diol epoxides are suitable 
substrates for phase II reactions. However, very little is known on the 
molecular mechanisms of phenanthrene metabolism in bivalves. With 
that in mind we selected six putative CYP-related genes from families 2, 
3, 4 and 17, and four GST-related genes putatively belonging to class 
omega, pi and microsomal 3 to investigate their modulation at the 
transcriptional level in the gill and digestive gland of C. brasiliana 
exposed to phenanthrene for 24 h.  

We found that the CYP2 gene family was the most induced by 
phenanthrene in oysters, which is in line with previous findings for 
CYP2 transcript levels in rat and mouse challenged with the same PAH 
(Schober et al., 2010; Shou et al., 1994). Interestingly, mRNA 
expression levels for the three CYP2 genes in the gill of C. brasiliana 
presented similar responses to phenanthrene treatment, with increased 
transcription found for CYP2-like 2 (~16-fold), followed by CYP2AU1 
(~12-fold) at the highest concentration of 1000 µg.L-1. Similarly, CYP2-
like 2 transcript levels were induced nearly 3 fold in the gill of oysters 
treated by 100 µg.L-1 phenanthrene. These data indicates the role of the 
CYP2 enzymes in the detoxification of environmental contaminants as 
previously reported by Kubota et al. (2011). Moreover, CYP356A1-like, 
which is closely related to members of the CYP1 and CYP17 gene 
families, was strongly upregulated (~9-fold) in the gill of oysters 
exposed to 1000 µg.L-1 phenanthrene. In a previous study carried out by 
our group, CYP356A1 were induced in oyster Crassostrea gigas after 
exposure to domestic sewage (Toledo-Silva et al., 2008), which gives 
support to its role in xenobiotic biotransformation. It is also interesting 
to note that in our study the gill presented a significant upregulation in 
their CYP-related genes, in contrast to the weak effect of phenanthrene 
to the digestive gland, considered the main detoxifying organ of 
bivalves (Verlecar et al., 2007). Our results point the gill as an important 
tissue for the phase I biotransformation of PAHs. 

The absence of changes in transcript abundance for CYP3A2-like 
and CYP4-like in exposed oysters suggests that these CYP families do 
not present short term activation in phenanthrene metabolism of C. 
brasiliana. Compared to previous studies on aquatic organisms, our 
results showed different trends which are somehow unexpected as CYP3 
and CYP4 enzymes are likely to be involved in cell detoxification. For 
instance, previous studies have shown a moderate upregulation of 
CYP3A in red mullet captured in the north-eastern Adriatic Sea, close to 
an oil refinery (Torre et al., 2010), and an induction of CYP3-like in 
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mussel treated by beta-naphtoflavone (Zanette, 2009). Furthermore, 
Sabourault et al. (1999) found a decrease in CYP4 mRNA levels sea 
bass exposed to benzo[a]pyrene, which has recently been supported by 
Miao et al. (2011), who showed similar findings in scallops. A possible 
explanation for this discrepancy could be due to different intrinsic 
features of CYP subfamilies regarding different expression patterns and 
distributions, as observed for CYP4 genes in the polychaetes Nereis 
virens and Capitella capitata sp. following exposure to PAHs (Li et al., 
2004; Rewitz et al., 2004).  

Concerning phase II biotransformation genes, in our study we 
investigated four GST-like genes but not all of the GST classes and 
tissues showed transcriptional changes after exposure to phenanthrene. 
Only the gill GST omega-like and GST microsomal 3-like showed 
obvious increased mRNA levels (~9-fold and ~6-fold, respectively) for 
1000 µg.L-1 concentration. In line with this, a significant upregulation 
for GST omega was reported by Boutet et al. (2004) in C. gigas treated 
by hydrocarbons. The authors also found induction of GST mu, 
indicating that the extent of GST induction towards PAHs in mollusc is 
species-specific, which is further supported by the elevated transcript 
levels of GST pi found in scallop Chlamys farreri exposed to 
benzo[a]pyrene (Miao et al., 2011). This discrepancy in the extent of 
induction has been previously reported for mammalian cells, which 
supports the idea that phenanthrene detoxification is a gene class-, dose- 
and cell-specific process (Hecht et al., 2008; Sundberg et al., 2002).  

Unlike gene transcription, GST catalytic activity showed a 
significant decrease in the gill after exposure to 100 µg.L-1 
phenanthrene. This is consistent with previous findings obtained for fish 
exposed to the same PAH (Oliveira et al., 2008). Therefore, combining 
no upregulation of GST-related genes and significant decrease in GST 
activity results, we can suggest that the absence of transcriptional GST 
activity did not produce enough of the enzyme to cope with 
phenanthrene detoxification in the cells. Furthermore, different 
sensitivity towards inducers at transcript level, mRNA processing and 
protein stability may have led to discrepancies between induction of 
gene transcription and enzyme activity, as reported by Trisciani et al. 
(2011). Curiously, the elevated transcript levels for GST omega-like and 
GST microsomal 3-like in the gill after exposure to 1000 µg.L-1 
phenanthrene seemed to maintain GST enzyme production similar to 
basal levels identified in the control group. This is further supported by 
the marked reduction seen in GSH-t levels in the gill. According to 
Hecht et al. (2008) and Pushparajah et al. (2008), GST are considered 
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highly effective enzymes in conjugating metabolically activated PAHs 
to glutathione, leading to depletion of GSH content (Dickinson and 
Forman, 2002). In line with this, in a recent work carried out with C. 
gigas, Trevisan et al. (2012) observed that oysters exposed for 18 h to 
the eletrophilic compound CDNB had depleted levels of GSH-t and 
PSH in the gill. The authors also observed a 2.7 times increase in the gill 
GST activity, followed by the appearance of the CDNB-glutathione 
conjugate in seawater, which clearly reinforce the idea of thiol 
consumption during metabolism of eletrophilic compounds and the 
induction of phase II enzymes in such situations. However, the 
reduction in GSH-t and NPSH levels following phenanthrene exposure 
is likely to indicate enhanced conjugation allied to the formation of 
ROS, which in turn, can overwhelm this antioxidant defence system, as 
previously reported in scallops by Hannam et al. (2010). Whether GSH-t 
was depleted by GST conjugation activity or ROS formation is 
unknown, with further investigation required to determine if 
phenanthrene exposure plays a pro-oxidative role in C. brasiliana. 
Moreover, it has to be emphasized that the GST activity was measured 
utilizing the universal GST substrate CDNB, and previous report have 
evidenced that many GST classes are devoid or present only very low 
activity toward CDNB (i.e. Dixon and Edwards, 2010). Thus, one must 
be aware that the quantification of GST-related genes levels and GST 
activity in this study might not be measurements of the same biological 
response.  

Because of numerous studies have reported changes in the activity 
of antioxidant enzymes in aquatic organisms following exposure to 
phenanthrene (i.e. Correia et al., 2007; Hannam et al., 2010; Oliveira et 
al., 2008), in this study, we also assessed the effects of this PAH on the 
activity of CAT, GPx, GR and G6PDH in the gill and in digestive gland 
of C. brasiliana. Our results showed that phenanthrene did not elicit any 
significant response of antioxidant and related enzymes in oysters after 
24 h exposure. This is consistent with previously documented report that 
enzymatic changes related to PAHs exposure tends to be time-dependent 
with most pronounced differences seen after 48 h exposure (Ansaldo et 
al., 2005; Banni et al., 2010; Solé et al., 2007). In fact, we have recently 
showed that C. brasiliana revealed clear biochemical responses to diesel 
fuel water-accommodated fraction after 96 h of exposure (Lüchmann et 
al., 2011), indicating that 24 h might not have been long enough to 
activate antioxidant defence system at protein level following 
phenanthrene exposure. This would also be the case for GST-protein 
synthesis. However, Bebianno and Barreira (2009) found a significant 



 144 

increase of antioxidant enzymes in the clam Ruditapes decussatus at the 
first day following transplant to PAHs polluted areas. Thus, further 
studies are required to understand the temporal modulation of 
antioxidant defences in C. brasiliana following exposure to PAHs. 

Based on the differences between tissues seen in this study for both 
molecular and biochemical parameters we can postulate that C. 
brasiliana shows tissue-specific responses following phenanthrene 
challenge. It is supported by the lesser responsiveness of CYP- and 
GST-related genes seen in digestive gland, which is consistent to the 
idea that gill is the target organ for rapid reaction to short-term events 
whereas hepatic tissues require the accumulation of chemicals following 
chronic exposure, such as previously observed for biochemical 
parameters in fish (Webb and Gagnon, 2009). This is further supported 
by the lower antioxidant levels in the digestive gland, as compared to 
the gill, which includes lower PSH levels and GR, G6PDH and GST 
activities. It is interesting to note that the gill of some bivalve species 
also present higher activity of GST, G6PDH and GR as compared to the 
digestive gland (Almeida et al., 2005; McDonagh and Sheehan, 2008; 
Lopez-Galindo et al., 2010). Altogether our findings indicate that gill 
seems to present a more potent repertoire related to thiol and 
biotransformation metabolism: a) higher thiol pool in proteins; b) better 
capacity to regenerate oxidized GSH through elevated GR and G6PDH; 
c) higher capacity of conjugation through GST; d) prompt responses at 
the transcriptional level amplifying phase I (CYPs) and phase II (GSTs) 
genes. These data reinforces the idea that gill is a very important 
detoxification organ, in line with Luckenbach and Epel (2008) 
proposal. 

In conclusion, while phenanthrene induced transcription of CYP- 
and GST-related genes, it also reduced both NPSH and GSH-t levels 
and GST activity following 24 h exposure. Transcription upregulation of 
CYP2 gene family, CYP356A1-like, GST omega-like and GST 
microsomal 3-like occurred in a tissue-specific manner, reflecting the 
importance of the gill in the mechanism of PAH detoxification. Further 
investigations into the substrate selectivity of catalytic activity of GSTs 
are essential for completely understanding their role in xenobiotic 
biotransformation in bivalves, as well as a time course study to unravel 
long-term responses. Finally, our study goes some way toward 
achieving these goals and sheds light on tissue-specific transcription of 
biotransformation-related genes and catalytic activity of antioxidant 
parameters which should also increase the set of potential biomarkers of 
aquatic contamination in bivalves. 
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Capítulo 6 

 
Considerações finais  

Como abordado no Capítulo 1, os ecossistemas aquáticos são 
continuamente expostos a uma quantidade significativa de 
contaminantes, muitos dos quais derivados de atividades da indústria do 
petróleo e da ineficiência na coleta e tratamento do esgoto doméstico. 
Independente da origem, os contaminantes podem causar efeitos tóxicos 
nos organismos atingidos, cujas respostas biológicas podem ser 
utilizadas como uma ferramenta viável em programas de 
biomonitoramento ambiental. No entanto, para se determinar a 
ferramenta ideal a ser empregada nestes programas, estudos devem ser 
conduzidos, especialmente quando se trata de misturas complexas de 
xenobióticos. Paralelamente, a escolha do organismo bioindicador 
constitui um importante ponto a ser considerado. A utilização de 
moluscos bivalves em programas de biomonitoramento e estudos 
ecotoxicológicos vem sendo considerada como uma ferramenta 
promissora, sendo que no Brasil, a ostra do mangue, Crassostrea 
brasiliana, ocupa uma posição de destaque, uma vez que apresenta 
ampla distribuição em regiões costeiras potencialmente contaminadas, e 
representa um importante recurso nutricional e econômico para as 
populações destas áreas. Nesse sentido, esta tese teve como principal 
objetivo avaliar a sensibilidade e aplicação de alguns biomarcadores 
bioquímicos e moleculares em ostras, C. brasiliana, expostas a 
contaminantes ambientais. Respostas de biomarcadores bioquímicos 
clássicos foram avaliadas em ostras expostas à fração de óleo diesel 
acomodada em água (FAA) e ao fenantreno. Adicionalmente, técnicas 
de biologia molecular foram aplicadas em animais tratados com FAA, 
fenantreno e esgoto doméstico visando a identificação de novos genes 
candidatos a biomarcadores de contaminação aquática. 

O estudo desenvolvido e demonstrado no Capítulo 2 incorporou o 
uso de biomarcadores bioquímicos clássicos, além de análise química, 
para avaliar o efeito toxicológico de quatro concentrações de FAA em 
brânquia e glândula digestiva de ostras expostas por 96 horas sob 
condições controladas de laboratório. Os resultados demonstraram que a 
ostra apresenta elevada capacidade de bioacumulação de 
hidrocarbonetos alifáticos e aromáticos de forma concentração-
dependente. A resposta de alguns biomarcadores seguiu esta mesma 
tendência, identificada pelo aumento da atividade das enzimas GST e 
GR na glândula digestiva, bem como níveis elevados da proteína Hsp60, 
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e maior atividade da GGT em brânquias. Esses resultados sugerem que 
os tecidos das ostras apresentam mecanismos diferenciados de resposta 
frente à exposição química. Além disso, constituem as primeiras 
informações ecotoxicológicas para esta espécie, fornecendo subsídios 
para o estabelecimento de ferramenta de biomonitoramento com 
potencial aplicabilidade tanto por órgãos ambientais, como por 
segmentos relacionados à indústria de petróleo. 

Adicionalmente ao uso de biomarcadores bioquímicos clássicos, 
como abordado no Capítulo 2, estudos ecotoxicológicos com 
organismos cuja biologia é pouco conhecida requerem a identificação de 
biomarcadores específicos para refinar e legitimar a avaliação da 
qualidade ambiental. Com este propósito, no Capítulo 3, a técnica de 
hibridação subtrativa supressiva (SSH) foi aplicada em glândula 
digestiva de ostras expostas por 24 horas a FAA 10%. A técnica foi 
aplicada em dois momentos diferentes, e resultou na identificação de 
novos genes de interesse ecotoxicológico classificados em diferentes 
categorias. Dentre eles estão os genes de resposta ao estresse (USP), 
genes envolvidos na regulação da síntese protéica (CFSP2 e USP25), no 
metabolismo de nucleotídeos (NDPK-B), e sistema imunológico 
(Precursor de dominina). A partir das sequências obtidas nas SSHs, 
iniciadores específicos foram desenhados para alguns genes, com o 
objetivo de validar a transcrição diferencial dos mesmos através da 
técnica de PCR quantitativo em tempo real (qPCR). Dentre os resultados 
obtidos, vale destacar a validação de alguns genes identificados, como 
Precursor de dominina, USP e NDPK-B. Embora as propriedades 
bioquímicas e a importância fisiológica das proteínas codificadas por 
esses genes ainda permanecem para serem elucidadas em moluscos, os 
genes aqui identificados demonstraram elevado potencial como 
candidatos a biomarcadores de exposição a derivados de petróleo. 
Ainda, o perfil de transcrição diferencial identificado mostra que grande 
parte da maquinaria metabólica do organismo foi afetada pela exposição 
à FAA. Entretanto, vale ressaltar que nenhum dos biomarcadores 
empregados no Capítulo 2 foi identificado na SSH. Este resultado pode 
estar relacionado às condições de estringência do método, e/ou à baixa 
cobertura (coverage) no sequenciamento (pelo método de Sanger), tendo 
em vista que apenas uma pequena parcela das colônias de bactérias foram 
sequenciadas. Ainda, o caráter aleatório de escolha das colônias para 
sequenciamento pode ter desfavorecido transcritos pouco abundantes. 

Desta maneira, com o intuito de aumentar a cobertura de 
sequenciamento e a consequente identificação de novos genes de 
interesse ecotoxicológico em ostras C. brasiliana, foi utilizada a técnica 
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de pirosequenciamento (plataforma 454, Roche), cujos resultados foram 
mostrados no Capítulo 4. Como essa técnica não necessita de uma etapa 
de clonagem, as sequências não tipicamente amostradas numa 
abordagem de sequenciamento de Sanger devido a problemas de 
clonagem, são mais representadas no conjunto de dados provenientes do 
pirosequenciamento, contribuindo, assim, para uma maior cobertura do 
transcriptoma. Neste contexto, foram construídas dez bibliotecas de 
cDNA não normalizadas de brânquia e glândula digestiva de ostras 
expostas à FAA de óleo diesel, ao fenantreno e ao esgoto doméstico, as 
quais foram agrupadas, resultando em quatro bibliotecas de cDNA 
flanqueadas por adaptadores, e pirosequenciadas. A partir desta 
abordagem metodológica de sequenciamento em massa, em uma corrida 
foram gerados 399.291 reads, em um total de 96.582.549 bp, dos quais 
246.514 reads foram utilizados para montagem de novo. Vale ressaltar 
que o processo de montagem foi realizado em três momentos distintos, 
com softwares diferentes com o intuito de escolher a melhor estratégia 
de bioinformática para os dados gerados neste trabalho. Após montagem 
utilizando Newbler v 3.4, CLC Genomics Workbench e SeqMan NGen v 
3.0.4 (DNASTAR) seguida de análise dos contigs gerados, foi escolhido 
o SeqMan para a montagem de novo e análise do transcriptoma. Dessa 
forma, foi produzido o primeiro transcriptoma referência da ostra C. 
brasiliana. 20.938 contigs foram gerados, os quais foram anotados 
resultando na identificação de 7.401 genes com similaridade 
significativa a sequências traduzidas de eucariotos; 25.046 termos 
funcionais GO; e 276 diferentes vias metabólicas mapeadas (KEGG). A 
partir dos genes identificados, foi dada maior ênfase àquelas classes e/ou 
famílias de genes que codificam proteínas de interesse ecotoxicológico. 
Assim, uma ampla variedade de genes putativamente envolvidos no 
sistema de detoxificação de xenobióticos e no sistema de defesa 
antioxidante foi identificada. Os dados gerados neste capítulo 
possibilitaram, pela primeira vez na literatura, a verificação da 
existência de genes transcritos em C. brasiliana frente à exposição a 
estressores ambientais, os quais podem se tornar importantes fontes de 
informação para utilização no biomonitoramento de águas contaminadas 
por compostos derivados de petróleo e esgoto doméstico.  

Vale ainda ressaltar que o trabalho apresentado no Capítulo 4 foi 
desenvolvido durante o estágio de doutorado Sanduíche no Reino Unido 
(entre os meses de maio e novembro de 2010) e envolveu a participação 
das seguintes instituições estrangeiras: The Marine Biological 
Association of the United Kingdon (Dr. Declan C. Schroeder), Argonne 
National Laboratory (Dr. Jack A. Gilbert), Glasgow Caledonian 



 156 

University (Dr. John A. Craft) e University of Birmingham (Dr. Kevin 
Chipman) e University of Liverpool (equipe do Centre for Genomic 
Research), onde o pirosequenciamento foi realizado. Convém destacar 
que, os dados estão sendo trabalhados com o intuito de aperfeiçoar os 
resultados obtidos. Desta forma, espera-se, em um curto espaço de 
tempo, mapear os reads no transcriptoma referência visando a 
identificação do padrão de transcrição gênica global e, assim, entender a 
contribuição de cada contaminante para o transcriptoma. Com este 
intuito, alguns genes serão escolhidos e analisados por qPCR para 
validar os achados no transcriptoma. Ainda, análises filogenéticas serão 
realizadas para as sequências de interesse ecotoxicológico visando a 
confirmação das funções sugeridas, bem como a identificação da relação 
evolutiva entre diferentes espécies. 

Em um estudo adicional, apresentado no Capítulo 5, a utilidade dos 
dados gerados no Capítulo 4 foram testados por qPCR, fornecendo 
subsídios para o entendimento dos mecanismos moleculares de 
toxicidade exercidos pelo fenantreno em ostras. Com base nas 
sequências gênicas geradas no transcriptoma da C. brasiliana, os níveis 
de mRNA de seis genes CYP-like e quatro GST-like foram analisados 
em brânquia e glândula digestiva de ostras expostas por 24 horas a 100 
µg.L-1 e 1000 µg.L-1 de fenantreno. Os resultados obtidos mostram o 
papel das enzimas de fase I (CYP) e fase II (GST) na biotransformação 
de HPAs em ostras. Ainda, parâmetros antioxidantes enzimáticos e não-
enzimáticos foram analisados, sendo observada uma redução nos níveis 
de NPSH e GSH-t nos animais expostos a 1000 µg.L-1 de fenantreno, 
bem como uma diminuição da atividade da GST em brânquia na menor 
concentração analisada. Os resultados obtidos sugerem diferenças no 
mecanismo de resposta de toxicidade entre os tecidos, no qual o papel 
da brânquia é destacado. Juntos, esses dados fornecem as primeiras 
informações moleculares e bioquímicas dos mecanismos e respostas de 
toxicidade de ostras C. brasiliana expostas a um contaminante 
abundante e amplamente distribuído no meio aquático.  

As informações geradas neste trabalho agora servem como base para 
futuros esforços ecotoxicológicos visando a elucidação do papel 
funcional de genes identificados, fornecendo subsídios para um melhor 
conhecimento científico dos mecanismos de toxicidade em moluscos 
bivalves. Dessa forma, espera-se contribuir para a compreensão de 
diferentes aspectos da bioquímica, biologia molecular e da fisiologia da 
ostra C. brasiliana, bem como de espécies relacionadas. O presente 
estudo sugere ainda a utilização da ostra C. brasiliana para o 
biomonitoramento ambiental, utilizando-se tanto biomarcadores 
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bioquímicos clássicos como os genes candidatos a biomarcadores de 
contaminação aquática.  

Por fim, cabe ressaltar que embora esta tese forneça informações 
inéditas e contribua para a ecotoxicologia aquática, ela é finalizada 
abrindo uma ampla gama de possibilidades para novos estudos, 
cumprindo o ciclo da ciência, no qual novas perguntas são formuladas e 
novos horizontes apresentados. 

 
 

Conclusões 
 
Capítulo 2 
- Ostras, Crassostrea brasiliana, expostas a quatro concentrações de 
fração de óleo diesel acomodada em água (FAA) por 96 horas 
bioacumularam hidrocarbonetos alifáticos e aromáticos de forma 
concentração-dependente; 
- Biomarcadores bioquímicos analisados em brânquia e glândula 
digestiva de ostras seguiram a mesma tendência de resposta 
concentração-dependente, com um aumento nas atividades das enzimas 
GST, GR e GGT, e na expressão de Hsp60, além de uma diminuição da 
SOD e dos níveis de Hsp90; 
- Em brânquia, GGT e Hsp60 foram os biomarcadores mais sensíveis, 
enquanto que na glândula digestiva, GST e GR mostraram-se mais 
responsivos, demonstrando que respostas variam entre tecidos; 
- Os dados de análise química em conjunto com os resultados dos 
biomarcadores bioquímicos demonstraram a potencialidade de uso da 
ostra C. brasiliana como espécie bioindicadora de contaminação 
aquática. 
 
Capítulo 3 
- A utilização da técnica de SSH em glândula digestiva de ostras C. 
brasiliana expostas à FAA 10% por 24 horas gerou bibliotecas 
subtrativas contendo fragmentos de genes induzidos ou reprimidos pela 
exposição; 
- Sequências anotadas sugerem que o óleo diesel modula transcrição de 
genes envolvidos na síntese de proteínas, manutenção do citoesqueleto e 
sistema imune; 
- Oito genes foram escolhidos para validação por PCR quantitativo em 
tempo real (qPCR), dos quais quatro apresentaram transcrição 
diferencial estatisticamente significativa. Destes, o gene de resposta ao 
estresse (USP), e os genes envolvidos na regulação da síntese protéica 
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(CFSP2 e USP25), no metabolismo de nucleotídeos (NDPK-B), e 
sistema imunológico (Precursor de dominina) são candidatos a 
biomarcadores de exposição a óleo diesel; 
- Estudos futuros envolvendo a clonagem completa dos genes 
identificados e validados por qPCR são necessários para a classificação 
final dos genes. 
 
Capítulo 4 
- 399.391 reads, em um total de 96.582.549 bp, foram gerados por 
pirosequenciamento. Após seleção por qualidade e tamanho dos reads, 
246.514 foram utilizados para montagem de novo, resultando em 20.938 
contigs e 152.777 singletons; 
- Cerca de 36% dos contigs gerados puderam ser anotados através de 
buscas por similaridade no banco de dados do NCBI, sendo que 7.401 
genes apresentaram similaridade significativa a proteínas de eucariotos; 
- Inferências funcionais foram feitas a aproximadamente 86% dos 
contigs, com 25.046 termos de ontologia dos genes (GO) identificados e 
276 diferentes vias metabólicas mapeadas (KEGG); 
- Análise funcional dos contigs resultou na identificação preliminar de 
41 CYPs, 26 GSTs, 8 SULTs e 9 MRPs classificados em genes 
codificadores de proteínas do sistema de biotransformação de 
xenobióticos, além de 28 proteínas do sistema de defesa antioxidante; 
- Os dados fornecidos neste capítulo resultaram no primeiro 
transcriptoma referência da ostra C. brasiliana, aumentando 
consideravelmente o número de sequências disponíveis nos bancos de 
dados para o gênero Crassostrea;  
- Espera-se, em um curto espaço de tempo, mapear os reads no 
transcriptoma referência visando a identificação do padrão de 
transcrição gênica global e, assim, entender a contribuição de cada 
contaminante para o transcriptoma. 
 
Capítulo 5 
- Seis novos genes de CYPs e quatro de GSTs identificados no 
transcriptoma de C. brasiliana foram utilizados para avaliar o 
mecanismo molecular de toxicidade de HPAs em brânquia e glândula 
digestiva de ostras expostas a duas concentrações (100 e 1000 µg.L-1) de 
fenantreno por 24 horas; 
- Os níveis de mRNA dos genes CYP-like e GST-like, analisados por 
qPCR, mostraram um padrão de transcrição dependente do tecido; 
- Genes classificados como CYP das famílias 2 e 17, e GSTs das classes 
ômega e microssomal 3 foram os mais responsivos ao fenantreno, com 
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forte indução na brânquia dos animais expostos à concentração de 1000 
µg.L-1; 
- Parâmetros antioxidantes enzimáticos e não-enzimáticos foram 
analisados, sendo observada uma redução nos níveis de NPSH e GSH-t 
em ostras expostas a 1000 µg.L-1, bem como uma diminuição da GST 
em brânquias na menor concentração analisada; 
- A brânquia mostrou ser o tecido mais responsivo ao fenantreno, 
indicando maiores esforços de análise neste tecido; 
- Os resultados gerados neste capítulo são inéditos e representam os 
primeiros indícios do papel de enzimas de fase I e fase II do sistema de 
biotransformação de xenobióticos no metabolismo de HPAs em ostras 
C. brasiliana.  
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