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RESUMO

Litopenaeus vannaméia espécie de camardo marinho mais cultivado
no mundo e no Brasil. Essa espécie é consideradanita resistente a
variagbes ambientais adversas. Entretanto, parece bastante
susceptivel a patdbgenos de origem viral. Com dtivbjele estudar os
efeitos de estressores ambientais e sua susdeptiaila patbgenos
virais, camarfesL. vannamei foram submetidos a condicédo
hiposmética do meio e desafiados com o virus dach@abranca. Um
total de quarenta e seis genes foi identificadoa pglcnica de
hibridizacdo subtrativa supressiva como difereneisite transcritos
em branquias dé&. vannameisubmetidos ao estresse osmético. Os
transcritos identificados codificam proteinas ewdas com processos
de defesa, sinalizacéo celular, transferéncia éteoels, proliferacédo e
diferenciacdo celular, apoptose, metabolismo irgeiério, proteinas
de citoesqueleto e atividade metallopeptidase. Airpdo perfil
transcricional obtido, alguns genes foram avaliagmy PCR
guantitativo em camarfes submetidos ao estressétiosme ao
patdgeno viral. Foi observada uma inducéo signifiaados genesa
proteina nuclear 1 induzida por TGF-beta, protef@il, ciclofilina,
lectina-C, malato desidrogenaseduas ATPs sintase mitocondriais
nos camardes submetidos ao estresse osmoético. gimdseestressor
ambiental avaliado no camarao foi a hepatotoxiraauistina (MC).
Essa toxina é sintetizada por cianobactérias ealilzeno ambiente.
Frequentemente é detectada em ambientes eutrafizadm areas de
cultivo de camarédo. A conjugagao com glutationaizeth (GSH) pela
glutationa S-transferase (GST) e enzimas de dafggaidante, como

a catalase (CAT), sdo importantes mecanismos desalefontra a
toxicidade bioquimica de MCs. Foi investigada avidéide das
enzimas CAT e GST e os niveis de transcricdo gé&tacaAT e oito
isoformas GST no hepatopancreas do camardo apdés 48h de uma
injecdo intramuscular com 10Qg kg' de extrato téxico de
Microcystis aeruginosaMC foi capaz de induzir significativamente
trés isoformas dé&sST (0, 4 € MAPEG em 12, 2,8 e 1,8 vezes,
respectivamente, e aumentou a atividade enzimtdteh da GST e
CAT. A partir dos resultados obtidos, podemos sugge o estresse
osmético em L. vannamei parece alterar principalmente genes
envolvidos em mecanismos de defesa e de energilarcet a MC
altera a transcricdo e expressdo de GSTs e CATparezem estar



envolvidas na biotransformacao e eliminagcdo dantogiem processos
de protecdo celular. Esses estudos reforcam a tampis de



caracterizar ainda mais o perfil transcricional seregulagdes poés-
transcricionais enk.. vannameiexposto a estressores ambientais e a
patégenos infecciosos para uma melhor compreenssigrihcipais
mecanismos envolvidos nas defesas do camaréo.



ABSTRACT

Litopenaeus vannam& the most cultivated marine shrimp speices in
Brazil and the world. The species is consideredequésistant to
adverse environmental variations. Neverthelessappears quite
susceptible to viral pathogens. To study the &ffef environmental
stressors and its susceptibility to viral pathogénsannameshrimp
were submit to a hyposmotic environmental condiaoi challenged
with the white spot virus. A total of 46 genes wigkentified using the
suppression subtractive hybridization technique diferentially
transcribed in penaeitl. vannameisubmit to osmotic stress. The
transcripts identified codify proteins involved witlefense processes,
cellular signaling, electron transfer, cellular Igevation and
differentiation, apoptosis, intermediary metabolismytoskeleton
proteins and metallopeptidase activity. Based an tthnscriptional
profile obtained, some genes were evaluated bytgative PCR in
shrimp submit to osmotic stress and viral pathogeBignificant
induction of the genes of tmeiclear 1 protein were observed, induced
by TGF-beta, QM protein, cyclofphylin, lectin-C, Ilata
dehydrogenasand two ATPs synthase mitochondrial the shrimp
submit to osmotic stress. A second environmentessor evaluated in
the shrimp was the microcystin (MC) hepatotoxin.isTkoxin is
synthesized by cyanobacteria and liberated in tharanment. It is
frequently detected in eutrophic environments andreas of shrimp
cultivation. The conjugation with glutathione (GSkduced by the
glutathione S-transferase (GST) and antioxidanersf enzymes,
such as catalase (CAT) are important defense méerharagainst
biochemical toxicity of MCs. The activity of the GAand GST
enzymes were studied and the levels of genic trgmien of CAT and
eight GSTisoforms in the hepatopancreas of the shrimp dftenours
of an intramuscular injection with 100y kg of toxic extract of
Microcystis aeruginosaMC was capable of significantly inducing
three isoforms ofGST (v, € MAPEG by 12, 2.8 and 1.8 times
respectively, and increased the total enzymatiwictof GST and
CAT. The results obtained allow suggesting that @igstress irL.
vannamei appears to mainly alter genes involved in defense
mechanisms and cellular energy, and the MC alterstrinscription
and expression of GSTs and CAT that appear to bavied in the
biotransformation and elimination of the toxin aimd processes of
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cellular protection. These studies reinforce thepdrtance of the
greater characterization of the transcriptionalfifroand the post-



transcriptional regulations ih. vannameiexposed to environmental
stressors and infectious pathogens for a betteeratahding of the
main mechanisms involved in the shrimp’s defenses.
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1. INTRODUCAO GERAL

1.1. Condicdo osmoética do meio, perfil transcricionak dhenes de
camardes L.vannamei e WSSV

A agquicultura costeira difere de acordo com as q@ess
envolvidas, recursos utilizados, métodos empregadasacteristicas do
ambiente circundante (BARG, 1994). Grande partidiastria mundial
da atividade do cultivo de camarbes marinhos estalitada em
ambientes costeiros (FAO, 2010). A regido costin@ange um espaco
com fronteiras abertas entre a terra, a atmosisraceanos e 0s COrpos
de agua doce. A estrutura de funcionamento destgsogcomponentes
€ dindmica e interdependente, apresentando compartas distintos
conforme variacBes climaticas e acbes do homemesabnatureza
(SEIFFERTet al, 2001). InUmeras sao as atividades sécio-econémica
existentes na regido costeira, dentre as quaisa@sbs o turismo, a
pesca, o comércio, a agricultura, indUstria e aemagfo, além da
pressédo urbana existente (CLARK, 1992). Estimativdicam que mais
da metade da populagdo mundial reside no ambiestei® (GREEN
et al, 1996).

Parte dos efluentes oriundos das diversas atividadenanas
situadas a montante nos cursos de agua das batiagréficas tende a
ser canalizado para o ambiente costeiro, que als@mocessa ou
acumula essa carga de nutrientes e/ou poluenteARKL 1992).
Durante este processo de solubilizacdo e assirjlggddem ocorrer
alteracdes significativas nos parametros fisicqmimicos de qualidade
de adgua no ambiente aquatico que circunda as fagetwl cultivo de
camarfes marinhos, como por exemplo, a concentrag®o ions
dissolvidos na 4gua (FERREIRs al, 2011).

Os camardes marinhos migram continuamente duraateislo
de vida de acordo com a concentragdo idnica da &yuendo adultos,
vivem em ambientes com maiores concentracfes ®mniea agua,
regibes oceénicas. Durante as fases mais joven®) as fases larvais
até adultos juvenis, preferem aguas com menor otmagéo idnica,
regides estuarinas (ANDREATTA; BELTRAME, 2004). &gipo de
comportamento favorece a possibilidade de cultasties organismos
em regibes costeiras ou continentais, podendotsmdg necessario,
preparar, de forma artificial, a agua de cultivo.

Atualmente, a espéclgtopenaeus vannaméia mais cultivada
no mundo e também no Brasil (FAO, 2010). Grandéepda atividade
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da carcinicultura brasileira é realizada em reg@stsarinas, utilizando
aguas salobras ou com salinidade oscilando ente 2@. Entretanto,
também vem ganhando espag¢o o cultivo em ambiemtetinentais.
Estima-se que a area de cultivo continental de @meaé de
aproximadamente 2.000 hectares, sendo distribuaa estados do
Cear4, Paraiba, Rio Grande do Norte e Pernambu&btA(N011).

Segundo Boyd (1990), a salinidade é definida como a
concentracao total de ions dissolvidos na aguaaAigumar é antes de
tudo uma solucdo de NaCl. Na CI s&o responsaveis por mais de 86%
do teor de sal em massa. A ordem decrescente nasnttacdes dos
demais cations é M C&*, K* e Sf*. A concentracéo do anion &
aproximadamente igual a soma das concentracfesatioss. Os outros
anions (SO%, HCO®, Br, F) sdo muito menos significativos no
equilibrio de carga de agua do mar (PILSON, 1998)principal
diferenca da agua doce para agua marinha é queQ} M® principal
anion e tem uma concentracdo muito maior do queCCIC&* é o
principal cation na 4gua doce, seguido dé &lRlgf*, em seguida, K

O animal pode alcancar o equilibrio osmdético poiisdo
mecanismos  distintos, osmoconformidade e osmomedal
Organismos osmoconformadores minimizam as perdagda e ions
alterando a concentracdo osmética entre o sangueo(imfa) e o meio
em que estdo imersos, até que igualem a este peginanecendo dessa
forma isosmético. Os organismos osmorreguladoréiizam suas
préprias concentracdes de ions independentes darnteecdo do meio,
produzindo um contra fluxo de solutos em proporcipsis aos
perdidos pela difusdo (MANTEL; FARNER, 1983; VALENKS
MENDES, 2003). Camarfes peneideos sdo considerados
osmorreguladores podendo as concentracfes isoasgtdar entre 20
e 30 de acordo com a espécie (let\al, 2000).

A energia consumida para manter um equilibrio @riderno
da hemolinfa de camardes e, assim, possibilitarirrenalizacdo do
exoesqueleto, é influenciada pela composi¢cdo da dguambiente de
cultivo. O camaréo na fase juvenil tem um gastogateo consideravel
para manter sua homeostase interna. Este € aindaacentuado, se
considerarmos que o intervalo de muda ou trocaxdesgueleto nesta
fase, pode ocorrer a cada quatro ou dez dias (WNSK[L976). Um
ambiente ionicamente adverso pode alterar a taxarescimento,
principalmente pela reducdo da frequéncia de mMAdEKINS, 1976).

O Na e CI constituem cerca de 80 % do total de osmolitoa)
parece ser acumulado enquanto o Mghiporegulado na hemolinfa de
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peneideos dentro de toda a faixa de salinidadea(®8) em que eles
sobrevivem (LINet al, 2000).

Segundo Maia (2011), houve um incremento em tom&0o
na producao mundial de camardes peneideos culivahoagua doce
entre os anos de 2005 a 2009. Os principais fatpresestimularam a
interiorizagcdo da carcinicultura no mundo foram rmrémento da
demanda, o aumento dos precos globais e as fathgistama produtivo
tradicional costeiro ocasionada principalmente pdtzencas. No Brasil,
destacamos as doencas de origem viral (WSSV ne 9MNV no
nordeste) capazes de comprometer a viabilidadedetioa da atividade
(MAIA, 2011).

O virus que causa a sindrome da mancha brancarearGes
ou white spot syndrome virugWSSV), € o agente patogénico
cosmopolita que mais causou efeitos negativos @ltisas de camaréo
no mundo, tendo afetado esta atividade econdmicamamsde 30 paises
(TAPAY et al, 1999; WANGet al, 1999). No Brasil, o surgimento da
enfermidade ocorreu no Estado de Santa Catarinenemdos de 2005
(SEIFFERTEet al, 2005). De forma semelhante ao ocorrido em outros
paises, houve um grande impacto econémico locdbsergistrada uma
reducdo na producdo de camardes superior a 90&aenanos de 2004
e 2009 (COSTAet al, 2010). Entretanto, esta enfermidade néao
paralisou totalmente a atividade em nenhum dosepaigie foram
acometidos pela doenca existindo atualmente dieseformas de
cultivo possiveis de serem realizadas com a praselw virus
(SEIFFERT, 2005).

O virus da sindrome da mancha branca é de DNA diiala
envelopado, com particulas de virions simétricasmelope, elipsdides
a baciliformes semelhantes ao baculovirus (DURAMRI, 1997). O
virus possui de 120-150 nm de diametro por 270+280de extensdo
(INOUYE et al, 1994; NAKANOet al, 1994; WANGet al, 1995). E
um virus envolto por nucleocapsideo e seu genoma te
aproximadamente 300 kb (VAN HULTEBt al, 2001; YANGet al,
2001; CHENG et al, 2002). Devido ao fato de ser um virus
completamente diferente, com caracteristicas m@spriecentemente o
Comité Internacional em Taxonomia de Virus aprowma proposta de
insercdo do virus em uma nova familidlimaviridag género
Whispovirus(LEU et al, 2009). A rota de entrada e mecanismo de
disseminacdo de WSSV entre os tecidos tem sido m&rada
recentemente (ESCOBEDO-BONILLAt al, 2007). Branquias e
epitélio cuticular do intestino anterior elm vannameisao portas de
entrada ap0s a inoculacdo oral de WSSV. Apos acagfb primaria
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nestes tecidos, 0 virus atravessa a membrana dasatge os seios
associados a hemolinfa (Figura 1). Através da keigéio da hemolinfa,
o virus infecta os 6rgdos internos, onde ocorrepdicacdo viral e a
disseminacao da infecgcdo (ESCOBEDO-BONIL&Ral, 2007).

Tecido hematopoiético Epitélio cuticular

Glandula antenal

Epitélio estomacal Branquias

Figura 1. Principais tecidos-alvo de replicagdo de WSSV amarédo
(Fonte: adaptado de RAHMAN, 2007)

WSSV possui varios crustaceos como portadorestasgiticos
(LO et al, 1996; FLEGEL, 1997). O virus foi detectado em sovo
dormentes de rotiferos provenientes dos sedimed¢owiveiros de
camardes (YANet al, 2004). Esse virus foi identificado em diferentes
regibes geograficas e alguns estudos tém idemtdidi#erentes isolados
geograficos do virus, mas com similaridade de 99,88 sua
composicdo de nucleotideos (ESCOBEDO-BONILIeA al, 2008).
Entretanto, existem regides do genoma viral quesaptam variagfes
de sequéncias significativas capazes de determanarigem dos
isolados e sua dispersdo geogréfica (DElal, 2004). Milleret al.
(2010) fizeram a genotipagem de WSSV de isoladasilbiros e
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compararam os resultados com isolados de outreegpaia América.
Foi demonstrado nesse estudo que o virus proveniast duas regides
do pais demostraram padrdes diferentes nos maesadgnéticos
avaliados. Ao analisar um marcador isoladamenteF(QR), Santa
Catarina, México, Nicardgua, Honduras e Panamé&@an® seguir o
mesmo padrdo molecular, com excec¢do de isoladosgmentes da
Bahia e EUA. Sugere-se gque esta similaridade psté eelacionada a
uma similaridade de viruléncia de WSSV provenierdas regides
analisadas.

Os sinais clinicos da sindrome da mancha branceaemrdes
peneideos sdo caracterizados por anorexia, letarg@o erratico na
superficie da dgua do viveiro e o corpo com umaragio avermelhada
(MORALES-COVARRUBIAS, 2004). Na fase crbnica da doa é
possivel observar pontos brancos pequenos na carapa regido do
cefalotorax (Figura 2), menores que os descritos paspéci®enaeus
monodon(0,5 a 2,0 mm) (MORALES-COVARRUBIAS, 2004). Esses
pontos brancos sdo depdsitos de?’Cgue também podem ser
provocados por trocas ambientais relacionadas éentnacéo de Cae
0 pH do tanque (MORALES-COVARRUBIAS, 2004). O maior
acimulo de C& na cuticula pode ser explicado pelo fato de que em
ambientes hipercapnicos (excesso de dioxido dexarba hemolinfa)
existe um maior ingresso de bicarbonato pelas braagara tamponar
o pH da hemolinfa, 0 que permitiria a deposica€ed na cuticula do
exoesqueleto. Entretanto, ainda néo foi esclarep@que o virus da
mancha branca induz a formacdo de depdsitos de calcuticula.
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Nucleocapsideo———p

Envelope viral ——»

Nucleocapside

Figura 2. WSSV (a) carapaca ddtopenaeus vanname&m fase juvenil que
apresenta pontos brancos tipicos na parte interraidpaca devido a infecgao
viral; (b) micrografia de transmissdo eletrénic&i) de virions de WSSV
semi-purificados a partir da hemolinfa de juvemfectados; (c) TEM de um
nucleocapsideo mostrando o arranjo9@ede subunidades do capsideo na sua
superficie; (d) esquema demonstrando um corteviease da cobertura externa
do envelope, o nucleocapsideo interno e as priiscipebteinas associadas
(Fonte: adaptado de LIGHTNER, 2011).

O agente patogénico da sindrome esta bem carackeyiz
entretanto o conhecimento da interacdo hospedatdmeno-ambiente e
sua correlacdo com a expressao génica dos camandeso insipiente.
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Segundo Sniezko (1973), um desequilibrio nessaragde pode
desencadear ou dificultar o estabelecimento enartissdo de doencas
(Figura 3). Existem inUmeras evidéncias de queidé@ncia de doencas
em camarfes € exacerbada por oscilagbes bruscasliferantes
parametros de qualidade de agua (T®&Alal, 1993; GUANet al,
2003). Estudos recentes tém relacionado paramdeogualidade de
agua com o surgimento da sindrome, tais como teryar salinidade,
oxigénio, hipertrofizacdo, chuvas, entre outros (N\GA CHEN, 2006;
GRANJA et al, 2006). Alteracbes na salinidade tém sido assasiad
com uma maior susceptibilidade do camardo as deevicais pela
interferéncia dessa condicdo nas respostas imuneandardo (WANG;
CHEN, 2006; JOSEPH; PHILIP, 2007).

PATHOGEN(S) @ @

Figura 3. Conceito de interagdo hospedeiro-patégeno-ambieniando o
tamanho de um dos componentes € aumentado, a deslerda doenca
aumenta; a) interacdo harmonica entre os fatooes,acpatégeno presente sem
causar enfermidade; b) Efeito de um patdgeno atteenérulento; c) Efeito de
um patégeno pouco virulento; d) Exclusdo do patég@fonte: adaptado de
LIGHTNER e REDMAN, 1998).
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Durante as duas Ultimas décadas, varios métodosltde
desempenho tém sido estabelecidos para o entertdidencomo as
condi¢cbes ambientais afetam a expressao de gst@sndlui a andlise
de ESTs (sequéncias alvo expressas), hibridizag#tcativa supressiva
(SSH), hibridizacédo diferencial, andlise serial edg@ressao de genes,
microarranjos e eletroforese bidimensional (2-DE)a area de
imunologia de camaréo, analises de EST tém sitlpagtas para varias
espécies, incluindoL. vannamei, L. setiferus, Penaeus monodon,
Marsupenaeus japonicus Fenneropenaeus chinendiGROSSet al,
2001; ROJTINNAKORNeEet al, 2002; de LORGERILet al, 2005;
TASSANAKAJON et al, 2006; DONG; XIANG, 2007; LEUet al.
2007; MULLER, 2009; PONGSOMBOONMt al, 2011). As ESTs sdo
derivadas de bibliotecas de cDNA e clones de SSidtaddos a partir
de vérios tecidos, tais como pos-larvas, hepatapasc hemocitos,
branquias e o6rgao linféide. ESTs de camardo pm@piacima primeira
observacao para descrever a expressao diferenamel transcricional
em diferentes condi¢cdes experimentais.

Nos ultimos anos, a atencdo nas interacdes patdgepedeiro
tem aumentado, particularmente, na resposta imon&acinvasores.
Recentemente, varios microarranjos de camarao itloncenstruidos a
partir de estudos utilizando diferentes 6rgéos péass. O primeiro
microarranjo de cDNA del. vannameicontinha 2.469 ESTs da
biblioteca de cDNA padrédo e biblioteca de SSH ds tecidos sob
diferentes estimulos (ROBALIN@t al, 2007). Um grande percentual
(47% a 72%) de genes transcritos diferencialmeme diferentes
pesquisas ndo identificaram similaridade signifi@atcom qualquer
proteina de outros organismos e carecem de idewg#fo de dominios
confiaveis (DHARet al. 2003; WANGet al. 2006; de la VEG/Aet al.
2007; ROBALINOet al.2007; WONGPANYAet al.2007; FAGUTAO
et al. 2008; PONGSOMBOONMet al. 2008; WANG et al. 2008). De
acordo com Aokkt al. (2011), estudos com camardo tém demonstrado
um alto percentual de sequiéncias sem similaridagerigdo que alguns
desses genes podem estar relacionados as respustas, mas que nao
foram identificados porque ndo tem, até o momestm funcéo
definida.

A SSH combina PCR supressiva com etapas de noagatize
subtracdo (DIATCHENKGet al, 1996), e consiste na sintese de cDNA
a partir de duas amostras de tecidos (Figura 4xDDA alvo é
denominadaestere o controle € o cDNAlriver. Ambos cDNAs s&o
digeridos com uma enzima de restricadeS§ieré subdividido em dois e
cada parte é ligada a cada um dos adaptadorestiAdaaligacdo sao
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realizadas duas hibridizagbes para o enriquecimeetosequéncias
expressas diferencialmente. Em seguida, os cDNApresgos
diferencialmente s&o amplificados por PCR. Doitside amplificagéo
também sao utilizados com o objetivo de reduzir rodgto de
amplificacdes inespecificas. O proximo passo énagjem de cDNAs
para identificagdo dos transcritos através de swimmento. A técnica
apresenta vantagens como a deteccdo de genesncidérente
transcritos pouco abundantes, supressdo da arapéfic de genes
altamente transcritos, identificacdo de genes samherimento prévio
de suas sequéncias e uso de técnicas comuns dgidiviolecular.

Estudos recentes tém utilizado esse sistema pargifidar
genes que podem estar envolvidos em mecanismosefisad do
camarao e posteriormente avaliar sua transcricgae(tdl, 2004; HEet
al., 2005; de la VEG/Aet al, 2007; REYESt al, 2007; NAYAK et al,
2010). Paret al. (2005) construiram uma biblioteca subtrativazsditido
a técnica de SSH em amostras de hepatopancreasandardo e
identificaram trinta e um genes diferencialmentngcritos. A partir
desses, dez genes foram aleatoriamente seleciopadsvaliacdo de
seu nivel de transcricdo por RT-PCR semi-quanttiaé cinco genes
foram avaliados polNorthern Blotting Os autores verificaram que
houve aumento da transcricdo de todos os genescseldos, 0 que
sugeriu que a transcricdo da maioria dos trinten@enes poderia estar
aumentada nos camardes resistentes ao virus searsmop com
camarfes normais e que estariam envolvidos na sesple defesa
contra a infeccao viral.
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Figura 4. Esquema do método SSH. As linhas sélidas repseas cDNAS
digeridos conRsal“testet ou “driver”. As caixas sélidas representam a regiao
externa dos adaptadores Adl e Ad2R. As caixassclapresentam a parte
interna dos Adl e correspondem ao iniciadoNeatedPCR, PN1. As caixas
sombreadas representam a parte interna de Ad2Resjgonde ao iniciador de
NestedPCR, PN2 (Fonte: adaptado de DIATCHENKGal, 1996).
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Em surtos da infecgdo pelo virus da mancha brabserea-se
gue um pequeno numero de camardes de cultivo sebravdoenca.
Uma das hipéteses é que esses individuos sejam nesistentes
sobrevivendo ao surto infeccioso. Existem poucdsides sobre a
influéncia da transcricdo génica na resisténciacaimarbes. Dentro
desse contexto, torna-se importante avaliar a d@nonmb e classes de
transcritos envolvidos em respostas de defesasémsa de camardes
em relagdo a alteracBes ambientais e a susceaj#ibdlidos individuos a
infeccdes virais.

Com o objetivo de identificar transcritos diferexisiente
expressos em camardes expostos a um estresse amsmotimeio,
branquias delL. vannameiforam coletadas em dois intervalos de
exposicao desafiados ou ndo pelo virus patogénBsWY

A resposta de transcricdo destes genes pode auxitia
entendimento de como crustaceos respondem ao sestemotico e
verificar se ha alteracdo na transcricdo de geagwesenca do agente
infeccioso.

1.2. Hepatotoxina microcistina (MC) e seu efeito solaeexpressao
génica de glutationa S-transferases (GSTs)

Um grande nUumero de espécies de cianobactérias sao
produtoras de potentes hepatotoxinas ou neurotxifasquisadores
tem demonstrado que essas toxinas tém um impacalnke humana e
de organismos aquaticos (HALLEGEFF, 1993; CODD, 5199
FALCONER et al, 1999; CARMICHAEL, 2001; PITOI%t al, 2001).
Organismos aquaticos estdo expostos no seu amiyiahteal ou em
condicbes de cultivo a eventos de formagdo de cdi@m de
cianobactérias téxicas, consequéncia de um defmuitias relacdes
N:P comumente encontrado em aguas eutrofizadasréFg) (YUNES
et al. 1996). A exposicdo dos organismos a cianobactpads ocorrer
via ingestdo das células ou por bioacumulacédo fusab das toxinas
liberadas na &gua, principalmente apés a lise slestélulas
(PFLUGMACHEREet al, 2005).

O risco potencial do efeito de cianobactérias saamarbes
surgiu na década de 1970, quando Lightner (1978)esou que as
cianobactérias marinhas pudessem estar causandtalidemtre de
camarfes. Por causa das aguas rasas e 0 aumentdridates nos
tanques de cultivo de camaréo, floragde<ianobactérias ocorrem com
frequéncia (PFLUGMACHERet al, 2005). Sugeriu-se que varias
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espécies de cianobactérias, coMarocystis, Nodularia, Lyngbya&
Oscillatoria, poderiam estar liberando as toxinas no meio. Hezawms
estariam sendo bioacumuladas nos organismos agntid para 0s
efeitos observados na saldde dos animais (SMITHB)19studos
indicam que apenas quantidades muito pequenas patohlexinas
acumulam nos camardes cultivados (KANKAANPA#Ral, 2005).

Algumas cianobactérias podem produzir uma varieddee
toxinas, das quais as microcistinas (MCs) sdo as mmaplamente
distribuidas (CARMICHAEL, 1994). MCs sao heptapaptis ciclicos
pequenos compostos de varios aminoacidos e poss@stnutura geral
(-D-Ala-L-X-eritro-b-metil-D-isoAsp-L-Y-Adda-D-isoslu-N-
metildehidro-Ala) (Figura 5), onde X e Y séo doisafinoacidos
variaveis. Combinacdes diferentes de dois aminoacafio origem a
muitas variantes de MC. MCs sao produzidas a pietirarias espécies
de cianobactérias, como dos géneildirocystis (M. aeruginosa,
M.wesenbergii, M. viridis) (Figura 5) Oscillatoria (O.agardhii,
O.rubescens, O.tenuis), Anabaena, HaphalosiphonhaAqrapsa,
Cyanobium, Arthrospira, Limnothrix, Phormidium, Hdégpsiphon,
Nostoc, AnabaenopsisSynechocystiZEGURA et al, 2011). Cerca de
60 variantes estruturais de MCs foram caractergzadapartir de
floracBes e cepas isoladas de cianobactérias (SENONONES, 1999).
Embora muitas cepas produzam diversas MCs simalasete,
geralmente apenas uma ou duas delas sdo domirraptsir de uma
Unica cepa (SIVONEN; JONES, 1999). Variactes catalds nas MCs
sdo mais frequentes entre as cepasAdabaena mas também em
Microcystis(SIVONEN et al, 1995).
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Figura 5. Estrutura geral das microcistinas (MCs) ciclo-(*AX*-D-MeAsp*-
Z*-Adda-D-Glu®-Mdha'), heptapeptideo hepatotoxinas de cianobactérias,
mostrando as variagbes mais frequentemente endesfra&X e Z sédo L-
aminoacidos variaveis (em MC-LR, X=L-leucina (LZe L-arginina (R)). 1:
D-alanina; 2: L-leucina; 3: &cidp-metilaspartico; 4: L-arginina; 5: &cido 3-
amino-9-metoxi-2,6,8-trimetil-10-fenildeca-4,6-déco; 6: acido D-glutamico;

7: N-metildihidroalanina (Fonte: adaptado de SIVONEJONES (1999)).

A biossintese dessas toxinas néo € ribossomal eesilzada
por um amplo complexo multienzimatico que inclupiideo sintetases,
polipeptideo sintetases e outras enzimas (TILLEATT al, 2000;
MOFFITT; NEILAN, 2000). Quando as cianobactériagieem fase de
multiplicacdo, a maioria das MCs estao localizadstro da célula, e
muito poucas toxinas extracelulares sdo produziHathora as MCs
sejam quimicamente estaveis nos corpos de agua,degedacao
microbiana pode ser rapida (SIVONEN; JONES, 198#)seando-se
em estudos de toxicidade, a variante MC-LR (MW=2p5¢
considerada uma das mais potentes toxinas ciamulzeets (ZEGURA
et al, 2011). As MCs séo hidrofilicas, penetrando mpaaco de forma
passiva pelas membranas celulares e, portantossiere da captacéo
via transporte ativo. O sistema de transporte esptcifico para acidos
biliares tem sido descrito como os transportaddessICs em figado de
camundongos (RUNNEGABt al, 1981). Esse € o motivo do figado ser
0 principal 6rgdo alvo. Entretanto, esses tranagdores ndo s&o
expressos somente no figado, mas também no trstiwigéestinal, rim,
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cérebro e ha evidéncias que ultrapassem a baheireato-encefélica
(RUNNEGARet al, 1981; FISHERet al, 2005).

MC-LC séo inibidores especificos de proteinas edibeas
serino-treonina fosfatases 1 e 2A (PPl e PPRAYitro e in vivo
(RUNNEGAR et al, 1993). MC-LR ligam-se de forma covalente as
proteino-fosfatases (BAGWHt al, 1997). A conseqiiéncia da inibicdo
dessas proteinas é a hiperfosforilagdo de protefoastoesqueleto e
assim, o bloqueio de muitos processos celularesaafo e rearranjo do
citoesqueleto, perda de adesdes intercelulares deemossomos e,
consequentemente, rompimento da arquitetura hep@iibe revisdo em
ZEGURA et al, 2011). Também foi demonstrado que a inducdo de
estresse oxidativo € um processo envolvido na bepdtidade de MCs
(BOUAICHA; MAATOUK, 2004). A exposicao a baixas cmntracdes
de MCs podem promover disfuncdo intestinal e hepatbem como
tumores hepaticos, e em altas concentracdes poaesarchemorragia
no figado, necrose e choque hipovolémico (citaddSN et al, 2008).

Em ambientes aquaticos, ainda néo foi elucidadbadastino
destas toxinas e quais os efeitos crénicos quenpedéar associados a
esta exposicdo. Entretanto, sugere-se que os<sfaiboicos da toxina
podem aumentar a suscetibilidade dos organismos oancds
(PFLUGMACHER et al, 2005). Estudos em muitos organismos
aquaticos, comdrtemia salina peixes e mexilhdes, tem sugerido a
formacgéo de conjugados de MCYST-glutationa e MCY&leina em
figado de animais expostos a esta toxina, origimamd composto mais
polar, que seria mais facilmente eliminado pelo anigmo
(PFLUGMACHER et al, 1998). A formacdo do conjugado de
glutationa (GSH) com MC-LR é sintetizada enzimatieate por meio
da glutationa-S-transferase soluvel (GSTs), edtdtada sua acdo nos
processos de desintoxicacdo em diferentes orgasisgpaaticos como
plantas Ceratophyllum demersym invertebrados [Oireissena
polymorpha, Daphnia maghaovas de peixes e peixeBanio rerio)
(PFLUGMACHER et al, 1998). Acredita-se que a formacdo desse
conjugado MC-GSH seja a primeira etapa no procdsstetoxificacao
de cianotoxinas em organismos aquéaticos. (PFLUGMERHt al,
1998; BEATTIEet al, 2003).

Essa conjugacdo é mediada pelo sistema da Glaa®n
transferases microssomal e citosolica (GSTs). AsitaBbna S
transferases (GSTs) (E.C. 2.5.1.18) compreendem damailia
multifuncional de enzimas envolvidas nas reagOedalexificacdo de
fase Il de xenobidticos, toxinas e substratos eewldg incluindo os
produtos téxicos de dano tecidual ((PFLUGMACHERal, 2005). De
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acordo com suas sequéncias génicas, propriedadmicas; fisicas e
imunoldgicas, em mamiferos, as GSTs tém sido @lzmdas em trés
principais familias: GSTs citosélicas (incluinddeselasses nomeadas
alfa, pi, um, theta, sigma, omegazetg, GSTs mitocondriaisk@ppa
classe) e GTS microssomais (atualmente designadaB) (HAYES
et al, 2005). Estas classes diferem em sua expresddo-t=specifica e
distribuicdo no interior dos tecidos. Todas GSTesdlicas tem sido
encontradas como sendo homo- ou heterodiméricadrgdda mesma
classe) com um peso molecular de aproximadamente k38
(MANNERVIK, 1985). Alpha GSTs séo altamente expressas no figado,
rins, testiculos e glandulas supra-renais de aniwveitebrados. GSTs
mu foram encontradas em altas concentracdes no cenelirgculos,
figado, rim e pulmao (HAYES; MANTLE, 1986; HAYES al, 1987).
Em L. vannamei GST mu foi analisada por PCR quantitativo e os
transcritos foram detectados principalmente no topdacreas e
branquias, mas também nos hemdcitos e musculompoi@ foi
identificada nos pledpodes (CONTRERAS-VERGAR#al, 2004).

GSTs da classpi sdo enzimas altamente &cidas, amplamente
distribuidas, exceto no figado adulto onde estéaliltadas no epitélio
(SATO et al, 1984; SATOet al, 1985). GSTs da classketa foram
descritas como sendo expressas somente no figdaATISUKA et al,
1990; MEYERet al, 1991). A atividade geral de GST é determinada
usando-se 0 CDNB (1-cloro-2,4-dinitrobenzeno), winssrato sintético
e nao especifico. As GST da classe alfa possueor at@ridade frente
ao hidroperéxido de cumeno (CHP), as GST da classem maior
atividade para o 1,2-dicloro-4-nitrobenzeno (DCNB#as da classpi
possuem maior atividade frente ao acido etacri(idHA). J4 as da
classe teta possuem maior atividade frente ao PQRHFE-p-
nitrofenoxipropano (EPNP) (MEYER! al, 1991; EGAASet al, 1999).

Com o objetivo de identificar isoformas de GlutatioS
transferasedGST) envolvidas na detoxificacdo de microcistimas
camardo marinhd.itopenaeus vannamdoi inoculada a microcistina
[D-Leu']MC-LR em um nivel sub-letal. Apés 48h, os drgaosafn
coletados para a extracdo do RNA total e transtrig@ersa de cDNAs.
Foram desenhados iniciadores a partir de ESTsmiggie no banco de
dados correspondentes a diferentes isoformas de, GS@ com o
objetivo de analisar por PCR em tempo real os sigeitranscricdo das
isoformas nos camarfes inoculados com a toxina.

A resposta de transcricdo destes genes pode auxitia
entendimento de como crustaceos metabolizam enaimi toxina do
organismo.
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2. OBJETIVOS GERAIS

> ldentificar e avaliar a expressdo de transcritdsreiicialmente
expressos na branquia do camatifiopenaeus vannameexposto a
estresse osmotico e desafiado com wssv;

» Verificar a expressdo e atividade de isoformas léatipna s-

transferase e da catalase no camaifapenaeus vannaméioculado
com cepa tdxica dilicrocystis aeruginosa.

3. OBJETIVOS ESPECIFICOS

CAPITULO 1:

1. Estabelecer as concentragfes ibnicas da agua doenda
hemolinfa dos camardes nas salinidades 10 e 20;

2. ldentificar sequéncias similares de transcritos
diferencialmente expressos (induzidos/ reprimidos);

3. Analisar a expressao relativa por PCR em tempo deal
seqiéncias selecionadas a partir da SSH em br&ndeiecamarfes
infectados com WSSV e expostos a estresse osmatico.

CAPITULO 2:

1. Avaliar a transcricao relativa de oito novas isofas deGST
e daCAT através de PCR em tempo real no hepatopancreasradedes
inoculados com MC;

2. Analisar a atividade enzimatica de GST total e Aa.C
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Abstract

The effects of hyposmotic stress and white spotdiyme virus
(WSSV) challenge in the gene transcription leveés wtudied in the
marine shrimpLitopenaeus vannameiMessenger RNA from gills of
shrimp submitted to osmotic stress was isolatearoer to identify
genes differentially transcribed through the supgike subtractive
hybridization (SSH) method. Two subtractive libearforward and two
reverse were constructed to identify up and dowyueted genes under
these conditions. About 192 clones were sequerafesthich 46 genes
were identified. These genes encode proteins quneng to a wide
range of biological roles, including defense, calinaling, electron
transfer, cell proliferation and differentiationpaptosis, intermediary
metabolism, cytoskeleton and digestion. Among deatified genes, 19
were up-regulated and 27 were down-regulated irattimals kept at a
lower ion concentration. We evaluated the transomplevels of eight
genes by gPCR in shrimp submitted to hyposmotiditioms with and
without WSSV challenge. The SSH enabled the ideatibn of genes
that are influenced by hyposmotic stress. A sigaift up-regulation
were observed ifectin-C, QM, TGF beta inducible nuclear protein 1
ciclophilin, malate dehydrogenasmitochondrial ATP synthase F chain
and ATP synthase subunit 9 precurstranscripts. However, the
transcription of these geneslin vannamewas not affected by WSSV
infection both at isosmotic and hyposmotic condiio
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Introduction

The white spot syndrome virus (WSSV) is the mosnuapolitan
pathogen to shrimp and has affected negativelystimemp farming
industry in more than 30 countries (Tapay et aQ%9Wang et al.
1999). Although considerable progress has been madethe
characterization of WSSV, the understanding of shemp defense
system in response against viral infection hak sgiveral mechanisms
to be elucidated (Pan et al. 2005). In the soutfioreof Brazil, this
disease was diagnosed in 2005 and caused a mdssihease on shrimp
production (EPAGRI 2010).

Different management strategies on shrimp farmeng lme used to
minimize the impacts caused by the WSSV (Seiffé053). Strong
evidences support the hypothesis that the incidefciseases can be
minimized or exacerbated by changes on water guaditameters, such
as salinity, temperature, oxygen, hardness amohgrot(Tsai et al.
1993; Kautsky et al. 2000; Vidal et al. 2001; Geaml. 2003; Yu et al.
2003; Liu et al. 2006; Peinado-Guevara and LOpeydvie2006;
Rahman et al. 2006; Ruiz-Velazco et al. 2010; Teoideet al. 2010).
Increased survival of WSSV-infected shrimp was olesg when they
were kept at higher temperatures (Vidal et al. 2@xan et al. 2003;
Jiravanichpaisal et al. 2004, 2006; Rahman et@62 Some studies
have associated changes on salinity and alkalitly the appearance
of WSSV infection (de la Vega et al. 2007; Costaalet2010; Ruiz-
Velazco et al. 2010; Tendencia et al. 2010).

Salinity is one of the most important abiotic fastevhich affects
growth and survival of marine and estuarine orgasiand has complex
and multifaceted biological effects (Péqueux 198milu et al. 1999;
Fielder et al. 2001; Atwood et al. 2003; Saoudle2@03; Davis et al.
2005; Buranajitpirom et al. 2010). Penaeid candaad worldwide in
areas with a wide range of salinity, from hyposmatnditions (0.5) to
hyperosmotic (40) (Bray et al. 1994; Samocha et14R8, 2002;
McGraw et al. 2002). In general, penaeid shrimgsleikxhyperosmotic
regulation to seawater at salinities below thersutic concentrations
and hyposmotic regulation to those above, with tlsesmotic
concentrations at 20-30 (Castille and Lawrence L9Bluctuations in
salinity and decrease in water alkalinity enabléavorable conditions
to shrimp growth in nurseries due to ions deficielidtwood et al.
2003; Decamp et al. 2003; Saoud et al. 2003). Antbagleven major
ions in seawater, Mg, C&* and K are the three limiting factors for the
cultivation of penaeid. M plays a key role in the lipids, proteins,
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carbohydrates metabolism and serves as a cofactotarge number of
metabolic and enzymatic reactions (Davis and Laveetp97). CH is
an important ion in osmoregulation, blood clottimgscle contraction,
nerve transmission, enzymatic activity and paréitgs hardening the
exoskeleton in the molting process in crustace@ess/i§ and Gatlin
1996). Most of aquatic species can absorf* Ghrectly from the
surrounding condition to meet their Caequirement (Deshimaru and
Yone 1978; Coote et al. 1996; Davis and Gatlin )986 is the main
intracellular cation and it is also important ire tactivation of N&K™-
ATPase, which is a key component in the regulabbrextracellular
volume (Mantel and Farmer 1983).

Little information is available about the effectadmotic condition
on the gene transcription pattern in shrimp andtkdrethese changes
might be associated with the WSSV infection. Ong teaaddress that
is using the suppressive subtractive hybridizati@SH) method.
Different studies have used SSH technique to iflengienes
differentially transcribed involved in defense magisms of shrimp
exposed to changes on environmental conditions gHal. 2004; de
Lorgeril et al. 2005; Pan et al. 2005; de la Vegal€2007; Reyes et al.
2007; Zhao et al. 2007; Garcia et al. 2009; Pongsomet al. 2009).

The aims of this study were to identify genes #ratdifferentially
transcribed in gills ofL. vannameiexposed to different osmotic
conditions and further to evaluate the influence tbé osmotic
conditions in the transcription responses of sofrtbase selected genes
from SSH and after challenging with the pathogeirics WSSV.
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Materials and methods
Osmotic stress, WSSV challenge and experiment&jnles

Specimens of juvenile shrimp L. vannamei (weightlrig+ 1.9 g)
were collected at the Marine Shrimp Laboratory friti@ Universidade
Federal de Santa Catarina, Florianopolis, Branil kept in aquaria at
the density of 5 M, fed ad libitum, with constant aeration, 29°C &#&d
ppt salinity. In order to minimize the influence séx and the ecdise
cycle on the gene transcription pattern, only femah the intermolt
stage were used in the experiments, based on Roheet al. (1987)
and Vijayan and Diwan (1996).

Two experiments were conducted. In the first expenit, the
animals were kept in two osmotic conditions: hyposm(salinity 10)
and isosmotic (salinity 20). The decrease of dglifiom 35 to 20 and
10 was carried out by the slow addition of filteredshwater in two
tanks of 200 L during 7 days. Two groups of orgasiswere kept
respectively at both salinities for 16 days. Ab2d%b of the water in the
tank was renewed daily.

A second experiment was carried out with shrimgs ke the two
osmotic conditions (salinities 10 ppt and 20 ppt) ahallenged with the
WSSV virus. Before starting the virus challengemblymph samples
from all shrimps were collected individually, immetgtly frozen in
liquid nitrogen and stored at -80°C. WSSV detectiohemolymph was
carried out by 2-step PCR according to Lo et a@9@) in order to
confirm the absence of WSSV infection before thartsiy of the
experiment. All shrimps used in this study werdetgdor the presence
of WSSV through Nested PCR test before the beginrof the
experiments and were diagnosed as negative foptbsence of the
virus (data not shown).

The WSSV challenge was carried out using a viracutum
prepared according to the methodology adapted Rdor et al. (2003).
Briefly, frozen muscle tissue (10 g) of WSSV-infatt shrimp,
confirmed by PCR analysis, was homogenized in teegnce of sterile
Tris-NaCl (20 mM Tris, 0.4 M NaCl, pH 7.4 ) (1:10/\y and
centrifuged at 2,00@x for 20 min at 4°C. The supernatant was
recovered and centrifuged at 9,090for 10 min at 4°C, then was
filtered (0.45uM) in sterile conditions. The viral solution wasgaloted
(200 pl) and kept in liquid nitrogen. The virus titer mwdum of
infection was 1.04 x 1010g muscle tissue (Muller 2009). The shrimps
were inoculated through i.m. injection in the setabdominal segment
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with 10Qul of viral inoculum (treated) or isotonic solutidn shrimp
(control). After 48h, the gills from both groups mee collected
aseptically and preserved in RNA Latét solution (SIGMA®). A
subset of individuals infected with WSSV was usedcbntrol the
mortality and confirm the viral infection. We obged 100 % of
mortality after 5 days p.i. viral.

Water quality parameters

Analysis of pH, ammonia and total alkalinity in theter tanks
was carried out using a commercial kit for seawatelysis (Alfakit®)
and an electronic probe was used to measure disbaxygen (YSI
Incorporated® 550A).

lonic concentration of water and hemolymph

Hemolymph from three animals collected in solutimontaining
10mM HEPES, 20 mM EDTA were pooled, centrifuge® &00xg for
10 min at 4°C and stored at -80°C until analysis.

Levels of C& Mg* and K, both in the hemolymph and water
tanks, were performed using atomic absorption spglcbtometer
(Hitachi, Model Z 8230) (Vijayan and Diwan 1996).

Total RNA and messenger RNA purification

Five shrimps not infected with WSSV were killedrfr@ach group.
Gill samples were excised, immersed in RNAIB{esolution (SIGMA
®), left at 4°C overnight and stored at -80°C. TRAIA was extracted
from gills individually using TRIzol reagent (Inwiigen®) according to
manufacturer's instructions.

Messenger RNA was isolated and purified using the k
MicroPolyA (Ambion®) from 2ig total RNA according to
manufacturer's instructions. The concentration gty of total RNA
and mRNA was checked by spectrophotometer Nand2bop (Thermo
Scientific) at 260nm and verified the ratio 260/880

Construction of the suppression subtractive hybaitiibn (SSH) library
and sequencing

SSH was performed using the hyposmotic exposednphais the
tester and isosmotic exposed shrimp as the drineorder to identify



46

genes that were up-regulated in the hyposmotic itond Messenger
RNA (1.25u9) was reverse-transcribed using the system Clbrie&R-
Select cDNA Subtraction Kit (ClonteBhaccording to manufacturer's
instructions. The differentially transcribed geneesre amplified by
nested PCR using primers specific for the adapders the products
were visualized by electrophoresis on 2% agaroseR§eR products
were purified using the lllustra GFX PCR DNA systamd Gel Band
Purification (GE Healthcaf® according to manufacturer's instructions.
The purified cDNA was cloned into pGEM-T Easy kitedfor ®
(Promega, Madison) according to manufacturer's isp@ons and
inserted into DH% cells by heat shock. Positive bacteria coloniesewe
grown overnight and the plasmid DNA purified. Theogucts were
sequenced in an automatic sequencer MegaBACE 1000 Analysis
Systeni (GE/Amersham Biosciences, Upsalla), using the eecjng
reaction prepared from the Kit ET Dye Terminator Enamic
according manufacturer's guidelines. The sequencedrtion was
performed from 5.0 pmol of primer M13-F or M13-Rdaabout 800ng
plasmid DNA. The sequences were analyzed for quaiging the
package Phred /Phrap /Consed (Ewing and Green .1998%
identification of the fragments was performed usitite BLAST
program (http://www.ncbi.nlm.nih.gov/BLAST) (Altsuhet al. 1997)
and subsequently merged using the CAP3 sequenemlass program
(http://pbil.univ-lyonl.fr/cap3.php) to form consers sequences.

Functional characterization of shrimp sequences heased on
Gene Ontology (GO) annotation and was carried gumbans of the
universal platform Blast2GO (http://www.blast2g@rusing default
parameters (Conesa et al. 2005). Additional prateimain information
was added to the annotation through Interpro (IPBlalysis
(http://www.ebi.ac.uk/interpro/), also using theaBRGO platform.
Final annotation was based on top blast hits, G@g@nd IPS results.
Gene transcription analysis by gPCR of WSSV chgbehnshrimp in
different osmotic conditions

For each shrimp, total RNA from gill was extractesing TRIzoP
reagent (Invitroge®) according to the manufacturer's protocol, and 2
of total RNA was reverse transcribed to cDNA usi@gnniscript
Reverse Transcription Kit (Qiagen®).

The primers were designed using the Primer Quesgram
(Integrated DNA Technology, IDT), based on genemiified in the
cDNA library (Table 1). Among the up-regulated genkst were
selected th@ GF beta inducible nuclear proteifTINPY) , Trypsin-like
serine proteinas€TRYP andQM protein (QM), and among the down-
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regulated genes were selected the mitochondii&® synthase F chain
(ATPsy), Malate dehydrogenase 2-2 NABMDH), Lectin-C(LEC-O),
Cyclophilin-type peptidyl-prolyl(PPI) and ATP synthase subunit 9
mitochondrial precursorfATPsy2. In addition, specific primers were
designed for the housekeeping gerdsosomal 18$ based on a
sequence fronPenaeus aztecusenbank M34362), andbosomallL8
based on a sequence friurvanname{Genbank DQ316258) (Table 1).
Primer pairs were tested foibosomalL8 and 18S as housekeeping
genes for normalizing the data, but only the prantor 18S were
selected, because the hyposmotic or WSSV treatraffatted the
transcription ofibosomal L8 The primers used in the gPCR, showed in
Table 1, were designed using Primer3 (http://fredmit.edu/primer3/)
(Rozen and Skaletsky 2000) avoiding hairpin andediformation using
the software PrimerQuest
(http://www.idtdna.com/scitools/applications/primaest/) and
FASTPCR (Kalendar et al. 2009).

For the amplification of PCR products, 0.3 mM fack primer
pair was used to amplify the target and normalgemes. The cycling
conditions used were: 95°C for 15 min, 40 cycled@$ at 95°C, 15s at
53°C, 20s at 72°C. A melting curve was performed ctanfirm
amplification of specific products. Quantifdast SYBR Green
(Qiagen®) was used as a fluorescence marker taectdgpecific PCR
products. Data were collected as CT using the R@ene 6000
software version 1.7 (Corbett Research®). Analygs performed in
duplicate for each sample.

Statistical analysis

Homogeneity of variances was tested (Cochran C;tléyar
Bartlett) accepting p<0.05, and the normal prolighiést was used to
verify data normality. Gene expression calculaticarsd statistical
analysis were carried out using the REST softwifaff] et al. 2002).



Table 1. Primers used in the qPCR:

Gene description (sequence origin SSH) Code Primer Sequence (5’ - 3" Pr;gl:d
. . F (forward) AGGCCTGCATCGCCATTCTCAAC

Lectin-C (contig 60) LEC-C % (reverse) AGCTCATCGGAGTCCTCGCACA 171

. . F GGCATCTCACGGACATCGGACTTC
QM protein (contig 27) M R ACCCCAAGTCGCGTTTCTGTCGT 139
TGF beta inducible nuclear protein 1 (contig]..?NPl F TAGACCGTGAGGGTGAAACGAGAGC82
and d09) R TCCCATTTACCAGCCTTCTCCTTCC
Peptidylprolyl isomerase B - cyclophilin B PP F GACGTATTGAAATCGGCCTGTTTGG 79
(all) R TCAGGCTTGGTTGCCAATTCCTTG
Malate dehydrogenase 2-2, NAD (contig 54) MDH ; 2¥gg§£€i€i€%ﬁg@%ﬁgﬁ&i G 101
Mitochondrial ATP synthase F chain (contigA.I_Psyl F TCCCGCCAGGTTCTATGGCAAAC 125
44) R TTGTGCTGCCATCTCCACCAAGC
ATP synthase subunit 9 mitochondrial ATPsy2 F TGTCTTATGATGGCCTTCCTGTTGC 121
precursor(contig 34) R GGAAGTGGTCCACAAACACCATGC

. . F GCTGATGCAGGCTACTATGGCGTCT

Trypsin (contig 25) TRYP & GCTCCTCTCAGCAGAAGTTCCCAGA °f
Ribossomal 18S DECRT1 F CCGAATGGTCGTGCATGGAATGAT 127
(housekeeping) R GAATTTCACCTCTAGCGTCGCAGT
Ribossomal L8 L8 F TAGGCAATGTCATCCCCATT 167
(housekeeping) R TCCTGAAGGGAGCTTTACACG




49

Results

Shrimp survival following the osmotic stress

No mortality was observed in all groups. An incesh$requency
of soft-shelled shrimp was observed in the treatn@nhyposmotic
condition (data not showed).

Water quality and osmotic condition

The water quality parameters pH, oxygen, ammonid tntal
alkalinity (8.12 + 0.06, 5.5 + 1.0 mg,10.47 + 0.35 mg}, and 100 mg
I* CaCQ, respectively) measured in the tank of the isoEmgitoup
were within the acceptable range for this specmm@ing to Boyd
(1990). In the hyposmotic tank, total alkalinity v80 mg * CaCQ
Lower levels of C&, Mg?* and K were observed in the water from the
tank kept at salinity 10 , when compared to thé tegpt at salinity 20
(Fig. 1). The levels of these ions in the shrimpnblymph remained
quite similar regardless of salinity (Fig. 1).

Ca* Mg?* K*

: I [sosmotic
— 1 Hyposmotic
20—
10—_ m
& §

4 4 A
& §F & &

mM

Figure 1.C&", Mg** and K concentrations (mM) in the environmental medium
(ENV) and hemolymph serum (HEM) df.vannameikept for 16-days at
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salinities 20 (isosmotic) and 10 (hyposmotic). Begpresent measurements
carried out in pools of three shrimps each.

Identification of genes that were differentiallgriscribed using SSH

Two cDNA libraries were generated in this study teamng,
respectively, the up-and down-regulated genes lla gf shrimp kept
under hyposmotic conditions compared to organisem &t salinity 20
ppt. Using the software CAP3, from 192 sequenceded we identified
61 consensus sequences and 120 isolated sequ&heemiserts had a
size range between 95 bp and 1582 bp, with an geesiae of 653 bp.
Blasting to NCBI databasé6 genes were identified, 19 up-regulated
(Table 2) and 27 down-regulated genes (Table 3k Témaining
sequences had no similarity with known genes.

Twenty-eight sequences were putatively annotatetyusO terms
obtained from the first 20 BLAST hits or/and fromofein domains
obtained from the InterPro database. Several tdsiogical processes
were represented. Among the list of up-regulatedegeare those
belonging to immune defense (3), protein synthéisand proteolysis
(1), mitochondrial electron transfer (2), signaansduction (2), cell
metabolism (2), metalloprotease (2), transcriptactor (2) and others.
The down-regulated genes are related with energgduation (5),
cuticle synthesis (4), protein synthesis (4), osgalatory process (1),
mitochondrial electron transfer chain (2), protiafding (1), citric acid
cycle (1), intracellular proton transport (1), immeu defense (1),
aminopeptidase activity (1), palmitoyl hydrolasédty (1) and others.



Table 2. Subtractive library of the up-regulated gees:

Genbank access  Seq. Seq. Description Species Seq. E value (%) Putative
code Name d: P P Length Id feature/function
YP_001315043.1 Contigl  Cytochrome b* Litopenaeus 480 8e-90 93 Mitochondrial
vannamei Electron Transfer
Ubiquinol-cytochrome ¢ . .
AC101299.17 Contig 13 reductase binding Mus musculus 302 9e-09 91 Mitochondrial
g Electron Transfer
protein**
ACH70872.1 ~ COntig2  TGF betainducible o, qpa 260  7e-37 85 Signal
do9 nuclear protein 1* transduction
Amyloid beta (A4) Signal
NG_013337.1 Contig 23precursor protein-bindindHomo sapiens 514 4e-10 86 9 .
transduction
(APBB2) **
DAA34115.1 Contiga  RIoosomal protein  Amblyomma 314 220 81 Protein synthesis
rpl7a variegatum
DQ534543.1 Several Mitochondrion** thopenagus - - Protein synthesis
vannamei
Tu translation
BC091659.1 el0 elongation factor, Danio rerio 221 le-11 95 Protein synthesis
mitochondrial (tufm)**
CAAB0129.1 Contig25  Trypsin* Litopenaeus 1025  4e-18 66 Proteolysis
vannamei
Cell growth,
ACV72062.1 Contig27 QM protein* Penaeus monodon 744 4e-11 66 differentiation

and apoptosis




continuation ...

Cell wall

Cellular cell wall

ACR34045.1 a09 hydroxyproline-rich Zea mays 727 le-07 39 organization,
glycoprotein* primary cell wall
ACU31809.1 Contig26 AIpha—Z-macrogIobulln Fenneropenaeus 1008 66-20 54 Immune defense
isoform 3* chinensis
NM_001134701.1 a04 MHC clas§ | RT.Aa Ratus novergicus 820 le-11 89 Immune defense
alpha chain (Rtl.aa)**
. Mitochondrial C type .
AEH05998.1 Contig 11 lectin containing thopenae_us 855 le-38 97 Immune defense
al2 ; . vannamei
domain protein*
Proteolysis,
EFP85449.1 e03  4inc metalloproteinase ,g .. ¢ gyum 297  6e-08 52 metalloendopept
nas-10* dase activity, zinc
ion binding
ACR48141.1 Contig 22 SpAN-like protein**  Rimicaris exoculata 953 2e-12 50 Metalloprotease
Unknown,
CAP, adenylate cyclase- ?opp(ien?res;atlgtb?/viale
NM_006366.2 Contig 15 associate d protein Homo sapiens 439 3e-09 88
. adenylyl cyclase-
(yeast) (CAP2) . .
associated protein
and actin
. - mRNA
NG_011881.1 e09 Ataxin 2-binding Homo sapiens 399 4e-08 85 processing,

protein 1 (A2BP1)**

MRNA splicing




continuation ...

AM402994.1 Contig 28 Transposase 15630+ -iStonelia 1130  9e-10 84 Transcription
anguillarum factor
DQ630805.1 Contig5 -utaliveaccessory  qyo ribens 286 4e-12 95 1  Unknown

gland protein**

Seq. Name: code of EST sequence; Seq. DescriptB8T sequence describe with similarity identifiedonfr
blastx*/blastn**/NCBI; Seq. Length: EST length (egsair); E value: E value describe in the blast/NC®) Id: EST similarity;
N: EST number. similarity identified from blastx** similarity identified from blastn



Table 3. Subtractive library of the down-regulatedgenes:

Genebank access Seg. I . Seq. (%) Putative
code Name Seq. Description Species Length E value Id N feature/function
HM163157.1  COontig V-H-ATPase subunit | .00 a0us vannameigesa  2e-72 94 1 OSmoregulatory
55 A* process
Conti ATP synthase subunit 9
ABX56859.1 34 9 mitochondrial Litopenaeus vannameill6 7e-10 100 1 Energy production
precursor*
GQ848643.3 f02 ATP synthase sf*bumt Litopenaeus vannamei280 4e-114 92 1 Energy production
alpha precursor
H+ transporting ATP . : .
NP_001040526.1 d02 synthase O subunit* Bombyx mori 209 le-32 53 1 Energy production
Contig  Mitochondrial ATP . .
ACJ64319.1 a4 synthase F chain* Culex tarsalis 518 8e-44 74 1 Energy production
Contig Zinc binding alcohol .Xenopus (Silurana) .
BC088540.1 dehydrogenase, domaify = " . 289 6e-11 86 2 Energy production
30 L tropicalis
containing 2 (zadh2)**
Conti Malate dehydrogenase
NP_001133198.1 54 9 2-2, NAD Salmo salar 338 le-26 81 1 Citric acid cycle
(mitochondrial)*
ABD98763.1 904 Vacuollar. ATPasg G Graphocephala 119 3626 65 Intracellular proton
subunit-like protein*  atropunctata transport
AB264633.1 Contig C-type lectin* Papilio xuthus 1100 4e-42 75 1 Immune defense

60




continuation ...

NADH dehydrogenase

NP_001013474 S°M9  ihiquinone] 1 alpha  Danio rerio 116 2e-08 49 1 Mitochondrial .
53 . electron transfer chain
subcomplex subunit 5*
YP 0013150341 CONtg  Cytochrome ¢ oxidase | ;oh0na6us vannamei229 5e.57 92 1 Mitochondrial .
- 46 subunit I1* electron transfer chain
Contig Calcified cuticle protein Cuticle synthesis
ABB91676.1 37 P Callinectes sapidus 144 6e-25 60 2 (calcification inhibitor
CP14.1* \ . .
f10 in epi- and exocuticle)
ADI59749.1 ggntlg Early cuticle protein 1* Callinectes sapidus 1078 le-05 69 1 Cuticle synthesis
ACR78694.1 b06 Peritrophin* Rimicaris exoculata 107 6e-06 52 1 Cuticle synthesis
AAR82845.1 g’g ntig Actin D* Litopenaeus vannamei297 le-58 99 1 Cytoskeletal
ABI52808.1 ggntlg ggg*rlbosomal protein Argas monolakensis 143 3e-48 94 1 Protein synthesis
AEB54637.1 S;mt'g ggi*rlbosomal protein Procambarus clarkii 110 4e-10 79 1 Protein synthesis
HQ127458.1 h0o1 ;grsler’!’? osomal RNA Litopenaeus vannameil132 5e-82 100 1 Protein synthesis
DQ534543.1 Several Mitochondrion** Litopenaeus vannamei- - 25 Protein synthesis
Peptidylprolyl
NM_001242544.1 all isomerase B Apis mellifera 937 le-49 76 1 Protein folding

(cyclophilin B) *




continuation ...

Alanyl (membrane)

Aminopeptidase

BC040792.1 h10 - . Mus musculus 262 le-10 91 1 L
aminopeptidase** activity
BC052330.1 jog ~ Pamitoyl-protein ) o usculus 175 5e-09 92 1 hamitoyl-(protein)
thioesterase 2** hydrolase activity
Diverse  cellular
functions such as
developmental
patterning and
Contig Tripar.tit. motif ) onco.genesis,
NM_001131463.1 38 containing 37 Pongo abelii 267 3e-32 92 2 chelate zinc and
(TRIM37)** might be involved
in protein-protein
and/or protein-
nucleic acid
interactions
. ) . . Interacting selectivel
AM941347.1  Contig finTRIM family protein . o o 395 1le09 91 1 and ngncovabnﬂz
56 (ftr02 gene)** o !
with zinc (Zn) ions
Condensin complexes
Contig Non-SMCcondensin Il I and Il play essential
NM_015261.2 20 complex , subunit D3 Homo sapiens 459 le-07 93 1 roles in mitotic

(NCAPD3)**

chromosome assembly
and segregation




continuation ...

Contig Endo/excinuclease
ZP_03450878.1 33 domain protein**

Burkholderia
pseudomallei 576

904

1le-09

57

Involved in  many
cellular processes,
such as class | homing
GIY-YIG family
endonucleases,
prokaryotic nucleotide
excision repair
proteins UvrC and
Cho, type Il restriction
enzymes, the
endonuclease/reverse
transcriptase of
eukaryotic
retrotransposable
elements, and a family
of eukaryotic enzymes
that repair stalled
replication forks.

1

Proline-rich protein
AAH11176.1 c06 BstNI subfamily 1**

Mus musculus

1582

4e-08

34

1 Unknown

Seq. Name: code of EST sequence;

Seq. Descriptt8T sequence describe with similarity identifiedonfir

blastx*/blastn**/NCBI; Seq. Length: EST length (leggair); E value: E value describe in the blast/NC®) Id: EST similarity;
identified  from  blastn

N: EST number. * similarity identified from  blastx

*%

similarity
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Effects of osmotic conditions in the gene trangswip levels of L.
vannameinfected or not-infected with WSSV

Eight genes were selected and their differentaidcription levels
were evaluated through gPCR in shrimp kept at hyptis and
isosmotic conditions and both infected and notetdd with WSSV.

Despite the high individual variability observed tine samples
within a given experimental group, shrimp kept undposmotic
conditions showed significant induction in generesggion for all tested
genes, exceptingRYPR comparing with the group kept in the isosmotic
condition. This pattern was observed in both WS&ddted and
WSSV-non-infected shrimps (Fig. 2). The shrimp kept the
hyposmotic conditiorshowed an increased transcription ratd NP1,
QM, ATPsyl1-2 PPl andMDH from 200 to more than 1000-fold when
compared to the organisms kept at salinity 20. KEGene expression
was more discretely up-regulated (105 fold).

When infected with WSSV, th@INP1, QM, PPI, MDH, LPS
ATPsyl-2and LEC-C transcripts were up-regulated significantly from
43 to 200 fold in hyposmotic over the isosmotic dition. Despite the
lower levels of changes observed in the WSSV-iei@shrimp after the
osmotic challenge, comparing to the non-infectedngty the virus
infection did not affect statistically the trangtion of tested genes.
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Figure 2. Real time gPCR expression analyses for eight rdiffiesets of genes
in shrimp kept for 7days at hiposmotic conditions with or without WSSV
challenge (LEC-C = lectin type C;QM = QM protein; TINP1 = TGF-beta
inducible nuclear protein BPI = cyclophilin;MDH = malate dehydrogenase;
ATPsyl = mitochondrial ATP synthase F chaiATPsy2= ATP synthase
subunit 9 mitochondrial precurscFRYP = trypsin); white bars: hyposmotic
condition in relation to isosmotic condition withowSSV (WSSV -); black
bars: hyposmotic condition with WSSV in relationisosmotic condition with
WSSV (WSSV +). *Significant differences in gene megsion levels between
hyposmotic and isosmotic conditionB € 0.05. N=6 shrimp per treatment.

Data are presented as RatIO Tar&tgenesAcp target (Mean Control — Mean amp}eElgs gene
ACP 18S(Mean Control — Mean Sample)



60

Discussion

Water salinity and ionic levels

Most of shrimp farms worldwide are concentrated civastal
regions and often uptake water from the surroundismiaries (FAO
2010). Estuarine waters are directly affected by thinfall, which
changes salinity, the ion levels and alkalinity dfie water,
compromising its quality for shrimp ponds (Costale®010; Ferreira et
al. 2011).

The ability of crustaceans to osmoregulate is d@texd by the
difference between hemolymph and medium osmolaaitya given
salinity (Charmantier et al. 1989). Despite the estasd decrease of
about 45% in the levels of Mg C&* and K in the tank maintained at
salinity 10, compared to the tank kept at salird@; the hemolymph
levels of these ions in tHe vannamekept for 16 days at lower salinity
did not change, suggesting an active osmo-regylgtoncess. These
data are consistent with previous studies (ChenlL#am 1986; Ferraris
et al. 1986; Lin et al. 2000; Tantulo and Fotedd®7). The levels of
Mg®, C&* and K detected in the experimental conditions are sinila
what have been observed in estuarine waters réguised for shrimp
ponds supply in south of Brazil (Ferreira et all2D

C&* concentration in the medium was within the recomaieel
range (121 mg/L) for penaeid farms in hyposmotiadition (Wyk
1999; Nunes et al. 2005). However, @422 mg/L), K (149 mg/L)
and alkalinity (80mg/L CaC¢) were below the recommended values
(1200 mg/L, 375 mg/L and 100 mg/L, respectivelypyB 1990; Nunes
et al. 2005; Chavez 2009)."kand Md"* are essential for crustacean
growth, survival and osmoregulation (Mantel and nk@r 1983;
Pequeux 1995; Saoud et al. 2003). The molting abalittes have been
observed in waters with less than 30 m§*La(Morrissey 1970; Fieber
and Lutz 1982). Ga in the hemolymph decreased slightly (from 27.6 to
26.0 mM) (Fig. 1).

Salinity effects on gene expression

Considering that the osmo-regulatory mechanism enapid is
controlled by the gill, gut and hypodermis (Man&eld Farmer 1983;
Muramoto 1988), we decided to investigate whichegerould be up or
down regulated in gill of shrimp submitted to a bgmotic condition.
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In this study, although the gills were collectednfr shrimp in the
intermoult stage, we observed an increased frequehasoft-shelled
shrimp in the hyposmotic tankCalcified cuticle proteinearly cuticle
protein 1, peritrophin and actin D transcripts, involved in the
exoskeleton mineralization, were identified as deegulated genes
(Table 3). Their expression seems to be affectedeutow salinity,
possibly due to the lower levels of €dn the water, since calcium
carbonate (CaCg is the most commonly mineral found in the hard
structures of invertebrates (Passano 1960).

The V-type H-ATPase B-subunit, responsible for the activé-Na
exporting pump, expressed preferentially in thésgWeihrauch et al.
2001), was found to be down-regulated lin vannameikept at
hyposmotic conditions, possibly associated with nleed to keep the
Na’ levels in the hemolymph. This result is in accowa with the
presence of five energy producer genes also idehtibs down-
regulated. Lower ATP production would limit the isity of Na'-
transporting ATPase. Likewise, we could hypothesthat lower
transcription rate of energy producer genes coffiectagrowth, molt
cycle and surviving under osmotic stress.

Under osmotic stress, penaeids could elicit a @sed immune
response triggering WSSV infection (Wang and Chab62 Joseph and
Philip 2007). Liu et al. (2006) observed an incesizsthe WSSV load in
Fennerepenaeus chinensighen submitted to a fast decrease in the
salinity, from 22 to 14 ppt in 1h. The host deferisecrustaceans
depends on innate immune mechanisms. Among th&ingknown to
be involved in the immunity of vertebrates and mserates, the
transforming growth factor-b (TGF-beta) members areolved in
innate immunity (Lieber and Luckhart 2004; Nicholasd Hodgkin
2004). TGF-beta has various pleiotropic functions development,
extracellular matrix synthesis, wound repair anflammation. The
TGF-beta inducible nuclear protein Was identified in the SSH up-
regulated library and its transcription rate quadi by gPCR was
significantly up-regulated in the gills of shrimp hyposmotic condition
with or without WSSV. The presence of a nucleatgiromodulated by
TGF-beta suggests the existence of a TGF-betalgigna L.vannamei
He et al. (2004) and Prapavorarat et al. (201Q)tified in haemocytes
from penaeid shrimp injected with microorganisnst there was an up-
regulation of TGF-beta. The involvement of shrimpHbeta inducible
protein 1 in the osmotic stress response suggaistitis gene could play
a role in environmental stress response, beyorid ghesible functions
in innate immunity and development.
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The QM protein gene was identified in the up-regulated library.
QM proteinwas described as a candidate tumor-suppressorigehe
Wilms' tumor cell line (Dowdy et al. 1991). Theseteins are highly
conserved and have a role in cell growth, diffaegioin and apoptosis
(Marty et al. 1993; Green et al. 2000; Lillico et 2002). gPCR data
showed thatQM protein was significantly up-regulated in gill df.
vannameiunder hyposmotic condition, either with and with®USSV
challenge. Furthermore, the strongest up-regulatiothe shrimp that
were not challenged with WSSV (1900-fold), in redpe the WSSV
challenged ones (230—fold), despite not be stedityi different, might
denote that WSSV infection could influence the repfis capability to
induce QM proteingene under hyposmotic stress. Whether or not this
capability to induceQM proteinis directly involved in the shrimp’s
adaptation to hyposmotic stress conditions needhefuinvestigation.
As revealed by RNAIi assay@M proteinis involved in the invertebrate
innate immunity responses, such phenol oxidaseigctPO), and a key
enzyme in the proPO activation system. Likewise]l&1{(2009) found
that theQM proteinis among the up-regulated genesLinvannamei
after WSSV infection. Induction oM protein by WSSV infection
have been also showed in other tissues, such hembly
hepatopancreas, gill, heart, intestine and musate] other shrimp
species, such thé&enaeus japonicugXu et al. 2008) and other
invertebrate species, such in the mollusk abaléaletis discusgills in
response to bacterial and viral challenge (Oh.e28l10). Considering
that QM proteinis up-regulated under hyposmotic stress in gikhadilt
shrimp, we could suggest that this gene is involiredther more
complexes metabolic changes that have not beenliedso far.

C-type lectins (CTLs) play key roles in pathogeognition,
innate immunity, cell-cell interactions and comprithe largest lectin
family in animals (Drickamer and Taylor 1993). Theye CA&'-
dependent proteins and function outside of cells sasreted or
membrane-bound proteins. Sugar-binding activityCots attributes to
a carbohydrate-recognition domain (CRD). Invertebr&TLs are
involved in immune responses including proPO atitiva(Yu and
Kanost 2000), hemocyte nodule formation (Koizumi adt 1999),
opsonization and microbial clearance (Jomori antbiNd992; Yu and
Kanost 2003)CTL was identified as one of the down-regulated gémes
gill of shrimp kept for 16 days at hyposmotic cdiuis. Contrariwise,
we observed an up-regulation &TL in shrimp kept 7 days in
hyposmotic condition, but in the presence of WS$\é tincreased
transcription was less intense (Fig. 3). There seenbe an interaction
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between host, environment and viruses, since whewitus is present,
under low salinity, there is an apparent reductionthe ability to
enhanceCTL transcription. Other authors have also observegheni
transcription rates o€TL in hepatopancreas and hemocytes of shrimp
infected with WSSV (Pan et al. 2005; Zhao et aD2®009; Garcia et
al. 2009) and IHHNYV virus (Costa et al. 2011), bone of them have
tested this transcription under hyposmotic condgio

Adaptation to salinity changes in crustaceansgsleged through
transport mechanisms including W&'-ATPase, V(H)- ATPase,
HCO3-ATPase, K and CI channels, Na channels, CIHCO3
exchangers, N#&'/2CI" co-transporter, C&pumps, N&C&*
exchangers and carbonic anhydrase (Mantel and Fat8&8; Henry
1984; Bottcher et al. 1990; Péqueux 1995; HennA&atts 2001; Freire
et al. 2008). Most of these proteins are ATP-depehdransporters.
Paradoxically, four genes of the mitochondrial A3yhthase complex
(ATP synthase subunit 9 mitochondrial precurgorP synthase subunit
alpha precursoy H'transporting ATP synthase O subynit
Mitochondrial ATP synthase F chdimand one gene of the citric acid
cycle (nalate dehydrogenas&ere identified in the list of the down-
regulated genes, suggesting a low ATP productiatustin the shrimp
kept at hyposmotic condition. However, using qgPC& abserved that
three of these genes were up-regulated in theo§iBhrimp kept at
hyposmotic condition with and without WSSV challen@-ig.2). The
difference in these metabolic responses might lageck with the period
of exposure that the shrimp were submitted to oenshtess. The SSH
library was constructed in samples of shrimp exgose 16 days to
hyposmotic conditions and the gPCR experiment wasied out in
samples of shrimp exposed for 7 days. We could thgsize that during
the time-course of energy production, transcriptienes changes along
with the time of adaptation to hyposmotic condifioffowle et al.
(2011) observed that ATPsy and MDH were up-regdlate gills of
green crabgarcinus maena24h and 48h after salinity decrease. After
7 days of the decreased salinity, th@Psy transcription reached a
plateau and after 15 days there was no differefioese results seem to
agree with those found in our study, since at 7sdafy exposure of
shrimp to the hyposmotic condition there was ameiased transcription
of ATPsy and after 16 days, the transcripts seebeteepressed by the
treatment. In the same way, the mitochondnielate dehydrogenase
showed a somewhat earlier up-regulate at 7 daysafter 16 days was
down-regulated.
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Conclusion

Based on the obtained data we could conclude that t
hyposmotic conditions of water elicits change ia ¢fene transcriptional
profile of shrimp, particularly on those associatedth energy
production and cellular defense. WSSV infection sdomt seem to
significantly influence the transcription of thengs evaluated in this
study. However, more studies needs to be carriedootlarify whether
there is an interaction between the adaptatioowodalinity and higher
susceptibility to WSSV infection.
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Abstract

Microcystin (MC) produced during cyanobacteria Ioi@ois notably
toxic to human and wildlife. Conjugation with reeulk glutathione
(GSH) by glutathionestransferase (GST) and the antioxidant enzymes
defenses (e.g. catalase, CAT) are important biomandefense
mechanisms against MCs toxicity. We investigated #nzymatic
activity of CAT and GST and the gene expressiorlewf CAT and
eightGSTisoforms in the hepatopancreas of the globallgnéat shrimp
Litopenaeus vannamei8-hrs after injection with a sublethal dose of
100 ug kg* of a toxicMicrocystis aeruginos@xtract. MCs caused up-
regulation forGSTw, y and MAPEG isoform, by 12, 2.8 and 1.8 fold,
respectively, and increases in the total GST enzgotity and CAT
enzyme activity. The study points to the importanak further
characterization for the. vannameiGST isoforms and GST/CAT post-
translational regulation processes to better umaeds the key
mechanisms involved in the shrimp’s defense agkl@sexposure.

Keywords:  Microcystin;  glutathione Stransferase; catalase;
Litopenaeus vannameMicrocystis aeruginosapollution; biomarker;
environmental toxicology; algal toxins.
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1. Introduction

Toxic cyanobacterial blooms are observed associateditrient
imbalances in eutrophic waters. Since the 197@setlvas a suspicion
that shrimp mortality by toxin bioaccumulation cduie related to the
presence of marine cyanobacteria (®lgerocystis, Nodularia, Lyngbya
and Oscillatoria) (Lightner, 1975). Cyanotoxin exposure occurs via
ingestion of living cells or direct toxin uptakein the water (Cazenave
et al., 2005) affecting the health of aquatic orgaus (Codd, 1995). The
understanding of biochemical mechanisms involvethndefense and
toxicity to common toxins, such the microcystins@®) produced by
the worldwide spreadlicrocystis aeruginosais crucial to understand
chronic and acute fate to aquatic organisms inehé@ronment and
aquaculture.

MCs are cyclic heptapeptides, and its cellular kgpteequires
organic anion transporter polypeptides (OATP) dgtio entry the cells
(Fischer et al. 2005). Into the cells, the mechaned MCs toxicity
involves the inhibition of protein phosphatases,icivhleads to the
hyperphosphorylation of cellular proteins and iased reactive oxygen
species (ROS) formation (Zegura et al., 2011). Réhgemore and more
evidences have shown that oxidative stress, pradbgeROS, such
superoxide anion (£), hydrogen peroxide (#®,) and hydroxyl radical
(HO) may play a significant role in the pathogenesid€s toxicity
(Guzman and Solter, 1998ouaicha and Maatouk, 2004; Sun et al.,
2008; Puerto et al., 2009; Jiang et al., 2011).

Antioxidants are important cellular defenses adgdfiG toxicity,
by inactivating ROS and repairing oxidized biomales (Halliwell and
Gutteridge, 2007). Thus, it could be expected #xmosure to MC and
ROS generation, would modulate the antioxidant eezwactivities by
regulating the mRNA levels through activation ajraling pathways
(Xiong et al., 2010). However, most of the studieacerning oxidative
stress induced by MCs have focused on the respoinsetivities of
antioxidant enzymes alone, and less is known athaueffects of MCs
on antioxidant enzyme genes at transcriptional |leegepecially in
aquatic invertebrates.

The cellular defense system against ROS comprisggetic
antioxidant defenses such superoxide dismutase (S€ialase (CAT)
and glutathione peroxidase (GPx). CAT is an oxidootase enzyme
that catalyzes the conversion of two molecules yairbgen peroxide
into two molecules of water and one of oxygen. Tégyme is an
ubiquitous hemoprotein formed by four identical wwoits of
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approximately 50—60 kDa and present in prokaryeied eukaryotes
(Kashiwagi et al., 1997; Klotz et al., 1997). Tiwastigation of CAT
responses against to MC in aquatic organisms spetial interest since
changes in the catalytic activity and gene expoeskave been reported
as an effect caused by MC exposure in vertebrXiend et al., 2010).
It has been hypothesized that changes in CAT &ctoauld be due to
the excess of superoxide anion radical caused bg, M@d may occurs
along with a decreased expression of CAT mRNA (¥iehal., 2010).

MC conjugation with glutathione (GSH) is catalyzduy
glutathione S-transferases (GSTs) in different aqueganisms such as
plants Ceratophyllum demersymmollusk Preissena polymorpha
crustaceanaphnia magngand fish Danio rerio) (Pflugmacher et al.,
1998). This conjugation is generally considered ghemarily route for
MC detoxification in aquatic organisms by formingoma polar
compounds, and facilitating excretion (Pflugmactieal., 1998; Beattie
et al., 2003). GSTs comprise a family of multifuonal cytosolic,
microsomal or mitochondrial enzymes that catalyze tucleophilic
attack of GSH to compounds that have an electrigptdrbon, nitrogen
or sulfur atom (HAYES et al.,, 2005; HUBER et alQ08). These
enzymatic isoforms have been classically groupéal ¢fasses, such as
o, T, u and0 GSTs, and show organ-specific distribution (Sdtale
1984; Hayes and Mantle, 1986; Hayes et al., 19&Wertebrate
subfamilies of GSTs, that are absent in mammagsakso described in
the literature (Armstrong, 2000; Sheehan et aD120

The aim of this study was to evaluate the responsis
LitopenaeusvannameiGST isoforms and catalase after the injection
with a sub-lethal level of microcystin [D-Leul] MR. The analysis of
the transcriptional levels and enzymatic activifytiiese proteins may
help in the understanding the mechanisms of mataboland
elimination of the toxin in marine crustaceans.

2. Material and Methods

2.1. Preparation of Microcystis aeruginosa extracts

Cells of Microcystis aeruginosarom strain RST 9501 were
cultured in BG11 (8.82 mM of NaNPmedium (Rippka et al., 1979) at
25 £ 1 °C and employed as toxin source. Charaetidoiz of
microcystins produced by the strain RST 9501 wasiech out by
Matthiensen et al. (2000). These authors found rtiethanolic extracts
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of strain RST 9501 presented one major peak arek thiinor peaks
with UV spectra characteristic of microcystins, lwé A, of 238-239
nm. Interestingly, the retention time of the mgjeak (15.22 min) was
different to that of microcystin-LR. Further anatysonfirmed that the
most abundant microcystin produced by strain RST195 a [D-Ledj-
microcystin-LR, a variant with a similar potency iterms of
phosphatases inhibition respect the common [D}Atdcrocystin-LR.
The extract was prepared using lyophilized cell$lofaeruginosaand
the protocol of Coyle and Lawton (1996). Briefhhet cells were
dissolved in absolute methanol (Sigma), sonicatedtiindes and
centrifuged (10,000x g) at 4 °C, during 10 min. Extracts were
evaporated at 40 °C and then re-dissolved in pira- water. Finally,
samples were centrifuged and the supernatant wiesteal and stored
at - 20° C. Microcystins content was determinechgish commercial
enzyme-linked immunoassay (ELISA) with polyclonahtibodies
(EnviroLogix Inc., Portland, ME, USA). Different noentrations of
microcystin were prepared after appropriate dihgiowith saline
phosphate buffer ((aand Md" free) (PBS).

2.2. Experimental design

Femaled.. vannameiweighing 11.0 g = 1.9 g were collected in
the intermolt stage (Robertson, et al., 1987; \&jaand Diwan, 1996)
maintained in aquaria at a density of 5 mith constant aeration, a
controlled temperature of 29 °C and salinity of 8% choose to use
females in the intermoult stage to minimize theeiifgrence of the
possible effects of sex and the ecdise cycle imé&bolic responses of
the shrimp. Two bioassays were conducted to idestib-lethal levels
of microcystin (MC) since no LD50 information hasem previously
established for this species at this life stagethin first bioassay, an
intra-muscular injection was conducted at a dosB0Opfy kg biomass
of shrimp, which was previously shown to cause alitytin post larvae
shrimp of the native speciésarfantepenaeus paulengi¥unes, 2009).
However, this dose was not sufficient to promotange in behavior or
mortality in the shrimp evaluated. A second biogssas performed
with an intra-muscular inoculation of 20§ kg* biomass of shrimp and
caused changes in behavior (erratic swimming) arvdhige color in
muscle tissue. There was 100% mortality of the uteted shrimp 96-
hrs after inoculation. These results led us to seamn intermediate dose
of 10Qug kg* biomass of shrimp. Similar levels have been deteat
tissues of fish exposed to a contaminated site (Retral., 2011). The
intra-muscular injection into the shrimp was perfed with an insulin



80

syringe containing MC or isosmotic solution (cohtgyoup) in the
lateral region of the animal's body between theosdcand third
abdominal segment and the collection of shrimp tug@acreas was
performed 48-hrs after inoculation.

2.3. Identification of L. vannamei sequences amegxpression
analysis

GlutathioneStransferase nucleotide sequences from the copepod
Tigriopus japonicoscharacterized previously by Lee et al. (2008)ewer
employed as a starting point to collect homologdusvannamei
sequences in the ESTEXpressed Sequence Jagenetic sequence
database at the National Center for Biotechnic&drination (NCBI)
using BLAST tool. The sequences collected were ngdausing
VecScreen and contigs were constructed using CARBar(g and
Madan, 1999) to obtain single sequences. The preliy annotation
for those newL. vannameiGST sequences was made by blasting
predicted protein from those contigs against tienbank protein
database. Eight new identifiéd vannamesequences were grouped in
the GST classef2GST (omega) uGST (mu), JGST (delta, three
isoforms) microssomal GSTEMAPEG, two isoforms) andeGST
(sigma) based on identities and E values obtaineddmparison to
sequences previously annotated in the genebankle(TBb The L.
vannamei CAT, ribosomal L8, ribosomal 18&nd ATP synthase
(ATPsy) sequences used in this study were prewouasinotated
(GenBank ID: AY518322, DQ316258, M34362 and EU1®60
respectively). Primer pairs were tested for ribosldm8, 18S and ATPsy
as housekeeping genes for normalizing the datagridutthe primers for
18S and ATPsy were selected, because the MC-treatment affect the
transcription ofribosomal L8 The primers used in the Quantitative
Polimerase Chain Reaction (RT-gPCR), showed in el'dhl were
designed using Primer3 (Rozen and Skaletsky, 2800iding hairpin
and dimer formation using the softwalRegimerQuestand FASTPCR
(Kalendar et al., 2009).



Table 1L

List containing eight newLitopenaeus vannameésST sequences classified in different isoformsetasn the
aminoacid similarities and E-values obtained dftasting to NCBI databank

L. vannamei GSTS

Predicted aq

Protein blast

Similarity aa (%)

se

se

5e

obtained from EST$ sequence E-value Coverage Identities| Positives NCBI acession #

complete (14, o o o Heliothis virescensnicrosomal glutathione
Lv_mGSTL aa) 2e-29 9% 48% 61% transferase (ADH16761.1)

complete (13 Strongylocentrotus purpuratismilar to
Lv_mGST2 aa) P 8e-36 97% 56% 67% microsomal glutathione S-transferase 3

(XP_793267.1)

complete (20, o o o Eriocheir sinensiglelta glutathione S-transfera
Lv_3GST1 aa) le-74 96% 65% 82% (ACT78699.1)

incomplete ) o o o Eriocheir sinensiglelta glutathione S-transfera
Lv_8GST2 (212 aa) le-55 99% 49% 71% (ACT78699.1)

complete (21, o o o Eriocheir sinensislelta glutathione S-transfera
Lv_8GST3 aa) Te-47 98% 47% 65% (ACT78699.1)

incomplete i o o o Nasonia vitripenniglutathione S-transferase G
Lv_QGST (203 aa) 4e-39 85% 50% 66% (NP_001165912.1)

complete (20, o o o Danio rerio glutathione S-transferase M
Lv_puGST aa) 2e-83 99% 67% 82% (CAX14388.1)
Lv_oGST complete (213e-36 99% 42% 59% Gallus gallushematopoietic prostaglandin D

aa)

synthase (NP_990342.1)

Legend of GST classes: mGST1 and mGST2, microds€B6ids (MAPEG, two isoformsiGST (delta, three isoformapGST
(omega)uGST (mu) andGST (sigma)



Table 2

Primers used in the Quantitative Polimerase ChaicRon (RT-gPCR):

Gene Description Primer Sequences (5:3") Product size (bp)
. F (forward) TGGACAACCCGGTGTTCGTGAGT
mGST1 microssomal 97
R (reverse) GTGATCCGGTAATAGCCGGTGATGG
. F CGTGCCCACCAGAACACACTTGAG
mGST2 microssomal 97
R CACCACCAACGGCACACACAATG
delta F CCGCTTCGGCGAATATGTGTATCC
0GST1 . 83
(theta-like) R CTTCGTGCAGCTTCTCCAGCTTCG
delta F AGTTGCTGACTTCAGCCTGGTGGC
0GST2 . 102
(theta-like) R TTGCACCTCTTCAGCCACTGCAC
delta F AATTCGTGGCCATTAACCCGCAG
0GST3 . 112
(theta-like) R TCCTTGCCGTGCTTGGCTATCAG
F ACTTGGACGAGGCCTACCCTGAACC
QGST omega 145
R AGCGCCTCTTGATCACCCTTTGC
F TGCCATCATCCGTCACATTGCTC
uGST  mu 109
R GCCATTGCGGAAGTCAACAGCC
. F TGACGCCTTGGCTGACACCATC
oGST sigma R 95

TGAACTGCTTGCGCTTCTCCTC



CAT

L8

ATPsy

18S

catalase
ribossomal L8
(housekeeping)

ATP synthase
(housekeeping)

ribossomal 18S
(housekeeping)

A M XU T X0 T IO T

CCCGTACAAGGAACTACCAG
GCTGACGTTCTGCCTCATTC
TAGGCAATGTCATCCCCATT
TCCTGAAGGGAGCTTTACACG
TGTCTTATGATGGCCTTCCTGTTG
GGAAGTGGTCCACAAACACCATGC
CCGAATGGTCGTGCATGGAATGAT

GAATTTCACCTCTAGCGTCGCAGT

230

166

121

127
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For each shrimp sample, total RNA was extractednfrie
hepatopancreas using TRIzol® reagent (Invitrogea@ording to the
manufacturer's protocol, angi@ of total RNA was reverse transcribed
to cDNA using QuantiTect Reverse Transcription &ys{Qiagen). For
the amplification of PCR products, 0.3mM for eadtimer pair of
interest and normalizer gene were used. The fafigwionditions were
used for cycling: 95°C for 15 min, 40 cycles of déconds at 95°C, 15
seconds at 53°C, 20 seconds at 72°C. A meltingecwas performed to
confirm amplification of specific products. Quaasf™ SYBR Green
(Qiagen®) was used as a fluorescence marker tectdgpecific PCR
products. Data were collected as CT using the R@&@ene 6000
software version 1.7 (Corbett Research®). Analygs performed in
duplicate for each sample. Gene expression calootatvere carried out
according to the software REST (Pfaffl et al., 2008ing 18S and
ATPsyas housekeeping genes.

2.4. Enzyme analysis

Hepatopancreas were homogenized using a TissueiTear
(Biospec Prod. INC.) in four volumes of 20 mM Thsffer pH 7.6,
containing 1 mM EDTA, 0.5 M sucrose, 1 mM dithiathol, 0.15 M
KCI, and 0.1 M PMSF. The homogenate was centrifuatedl,000x g,
for 30 min at 4 °C, and the supernatant was statd-85 °C.
Glutathione S-transferase (GST, EC 2.5.1.18) dgtiwias analyzed
according to Habig and Jakoby (198a3%ing 2 mM 1-chloro-2,4-
dinitrobenzene (CDNB) and 2 mM reduced glutathi@@8H) in 0.1 M
potassium phosphate buffer, pH 7.0. The absorbaasemonitored for
2 min at 340 nm at 30 °C for a better detectiothanmicroplate reader.
One unit (U) of GST activity is the amount of enzymvhich catalyzes
the conjugation of lumole of substrate per minute. Catalase (CAT, EC
1.11.1.6) activity was measured by theOx decomposition in 0.1 M
Tris buffer (pH 8.0) containing 0.5 mM EDTA and 1M H,0,
(Beutler, 1975) and expressed as unit (U) whereumieis defined as
the amount of enzyme that decompogarble of HO, per minute. The
enzymatic assay was performed for 1 min at 240 h80&C using 1-
mL quartz cuvettes an Ultrospec 3000 spectrophdgmi@&mersham
Pharmacia Biotech). Calculations for CAT and GSTivag were
carried out using the extinction molar coefficienf9.6 mM*.cm® and
0.04 mM*.cmi®, respectively. Total protein concentration in saenples
was determined according to Peterson (1977), adaptemicroplate
(TECAN Sunrise®), using bovine serum albumin asddad (Fraction
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V, Sigma Chemical Co.), and the protein content thas used in the
calculations to normalize the enzymatic activitieesults for CAT and
GST enzymatic activities were expressed as U peofnpgotein (U/mg

protein) and mU per mg of protein (mU/mg protemespectively.

2.5 Statistical analysis

Homogeneity of variances was tested (Cochran Citldyar
Bartlett) usingp<0.05, and the normal probability test was used to
evaluate the data normality. The data that didfihnthese features were
logarithmically transformed. Differences among grewvere evaluated
using one-way analysis of variance (ANOVA, p<0.06)lowed by the
Tukey Post-test.  Statistica software (version &0 Windows,
www.statsoft.com) was used to perform the analyfisenzymatic
activities and the software REST (Pfaffl et al.p02pwas used in the
gPCR analysis. The mathematical model used is b@sdide correction
for exact PCR efficiencies and the mean crossingnt pdeviation
between sample group and control group. Subseguitalexpression
ratio results of the investigated transcripts wiexsted for significance
by a Pair-Wise Fixed Reallocation Randomisationt Ta&sd plotted
using standard error (SE) estimation via a comglaylor algorithm
(Pflaff et al., 2002).

3. Results and Discussion

Different authors have associated the mortalitynafrine and
freshwater crustaceans with the exposure to cyamedia blooms which
produces cyanotoxins (Hauser et al., 1992; Halkfgra993; Lam and
Wei, 1996; Smith, 1996; Ferrdo-Filho et al., 20@®)particular MC
(Lampert, 1981; Fulton and Paerl 1987; Reinikairetnal., 1995;
Vasconcelos et al., 2001; Chen and Xie, 2005; Zigtla., 2006).

The main mechanism associated with MCs toxicitynemmals
is the inhibition of protein phosphatases, whichade to the
hyperphosphorylation of cellular proteins, whichcasnsidered to be
associated with their tumor-promoting activity (Htanen et al., 1990;
MacKintosh et al., 1990). Besides that, MCs indoeactive oxygen
species production and, consequently, cause ox&atress (Guzman
and Solter, 1999Bouaicha and Maatouk, 2004; Jiang et al., 2011).
Despite their ecological importance, the molecatechanism of MCs
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toxicity in aquatic organisms is still not fully derstood (Zegura et al.,
2011).

The presence of high MC DLeul-LR levels in leaeruginosa
cyanobacterial extract used here was confirmed ByGH(Fig. 1). The
M. aeruginosastrain 9501 was isolated previously of water saspl
from the Patos Lagoon Estuary (RS, Brazil) anddibxihas been
substantially tested and proved in different groofpsrganisms, such as
mice, the brine shrimpArtemia salina the tanaidaceaKalliapseuds
shubbartti and the post larvae of the pink shrirfarfantepenaeus
paulensis(Yunes, 2009). The unique toxic peptide variant MCzul-
LR (Fig. 2) has been shown to correspond to 98 %thef total
composition of the BraziliaMicrocystisstrains, thus representing the
main compound in the environmental blooms. In regemars, several
experiments were carried out with estuarine orgasjssuch as the
polychaetalaeonereis acutathe crabChasmagnatus granulatysow
Neohelice granufaand also with the freshwater figiprinus carpiq
exposed to toxidvl. aeruginosaRST 9501 cell extracts (Pinho et al.,
2003; Ledo et al.,, 2008; Amado et al.,, 2011). |h thbse tests
glutathione Stransferase enzyme (GST) activity was evaluated] a
seemed to be consistently increased in the crad®@yexposure. Some
results from the literature that were extracted adapted from Amado
and Monserrat (2010) are shown in Table 3.
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Figure 1. Chromatogram showing the results of liquid chrargedphy (LC) analysis from a sample containing oggstin (MC-
DLeul-LR), the most predominant MC form presentBimzilian cyanobacterial blooms. The MC-LR peakinisluded as a
standard reference in the analysis.



Figure 2. Structure of MC-1-D-Leu-LR. The main variant Microcystis aeruginosatrain RST9501. (From Matthiensenhal
2000).



Table 3
Some evidences of alteration in GST activities quiatic animals exposed to extracts frbficrocystis aeruginosa

strain RST 9501.

Species Organ Exposure GST activity Reference

. . Immersion inM. aeruginosaxtract (~2ug No alteration on GST Lesio et al.
Laeonereis acuta Whole animal MC/mL) &
. activity (2008)
during 48h

Injected withM. aeruginosaxtract (39.2:g

Neohelice granulata . .
Gills (anterior and MIC/L)

Higher GST in Vinagre et al.

(formerChasmagnathus ' Lo
granulatus posterior) during 48 h posterior gills (2003)
Injected withM. aeruginosaextract (17.6.9 Pinho et al
Neohelicggranulata Hepatopancreas MCI/L) Higher GST activities (2003) '
during 72 h and one week of exposure
) Forced ingestion (~1 andug MC/kg) Augmented GST Pinho et al.
Neohelice granulata Hepatopancreas during 168 h activity (2005)
Gavage withVl. aeruginoseextracts (34, 172, Higher GST activity in Dewes et al
Neohelice granulata ~ Hepatopancreas 860ug MC/kg) crabs exposed to 860 (2006) '
during 6, 12 and 72 h ug MC/kg for 12 h
Gavage of an aqueous extract from the toxic Decrease in GST Amado et al
Cyprinus carpio Liver cyanobacterid/l. aeruginosan a final MC activity and GSH (2011) )

concentration of 50 ug/kg, 48 h concentration
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In the present study, we reported significant clearig both GST
and CAT enzyme activities, as well as in the trapson levels of CAT
and someGST isoforms. We observed that GST activity in the
hepatopancreas of. vannameiwere increased in the MC-treated
shrimps compared with the control group by 2.0-f(ie0.005) (Fig.
3A). The increase in GST activity by the toxin @roborated by other
studies in aquatic organisms (Beattie et al., 20%Rjgmacher, 2004;
Pflugmacher et al., 2005). There is strong evidesfcte involvement
of GSH and GST in the elimination of microcystind.i vannameibut
the mechanism has not been identified yet (Marind Vasconcelos,
2009). GSH is the most abundant non-proteic thial & found at the
milimolar range in most cells. Several studies hakiewn change in
cytosolic GSH concentration due to MCs exposure andiphasic
response in terms of GSH levels has been also tegbadn rat
hepatocytes during exposure tviicrocystisextract at 125:g.ml™* of
lyophilized cells (Ding et al., 2000). The initimicrease of intracellular
GSH is probably because of its conjugation withroggstin by GSTs
(Pflugmacher et al. 1998), triggering the synthegi:iew GSH. The
subsequent GSH depletion was thought to be retategll membrane
damage and conjugated GSH efflux (Ding et al. 200®)contrast,
Runnegar et al. (1987) and Li et al. (2003) describnly a decrease in
GSH concentration, 10 and 15 minutes after rat fasid hepatocytes
exposure to the purified MC-LR toxin, respectively.
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Figure 3. Total GST (A) and CAT (B) activity in the hepatopaeas of the
shrimp L. vannameicollect 48h-post inoculation with 100y kg* of a M.
aeruginosalysate (n=10). The results are expressed as mahres/+ S.D.
*Refers to significantly differences (P<0.05) amargups.
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In recent years, more and more studies on marines@&®us on
the biomarker traits of the enzyme (Blanchette kf 2007). In
crustaceans, the hepatopancreas is the key metatmiitre for the
production of reactive oxygen species, it plays @omrole in their
immune defenses (Soéderhall and Cerenius, 1998)jtasdnvolved in
both the synthesis of digestive enzymes and thexiieation of
xenobiotics (Gibson and Barker, 1979; Vogt, 1990 et al., 2009).
Contreras-Vergara et al. (2004) isolated frorh.vannamei
hepatopancreas a P (mu)-class glutathione S-trassfe(GST) and
detected transcripts in hepatopancreas, hemogjtiss and muscle, but
not in pleopods.uGST transcripts were expressed in all tissues
examined from L.vannamei but were most abundant in the
hepatopancreas (Zhou et al., 2009). In the presten, we observed
the increase in the transcription of threevannameiGST isoforms,
QGST, uGSTand GST2-MAPEG which were induced 12.0-fold, 2.8-
fold and 1.8-fold, respectively, when compared he tontrol group
(p<0.002, p<0.02 and p<0.05, respectively, Fig. @her five GST
isoforms §GST - 3 isoforms,sGST and GST1-MAPEG were not
changed by MC treatment. Based on these resultould hypothesize
that elevated GST activity observed in the shrirepted with MCs was
mostly related with the transcription efGST followed by uGST and
GST2-MAPEGsoforms.
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Microcystin effects
in the gene expression
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Figure 4. Relative expression of gene transcripts from hoggatcreas ot.
vanname#8h-post inoculation with 100g kg* of aM. aeruginosdysate. The
data are expressed as expression ratio for eaoh gmong MC-treated and
control shrimp (N = 8 individual shrimp for eactogp). *Refers to significant
differences (REST 2009 software Qiagen®; p<0.05pramup- or down-
regulated genes. The target gene expression wasaliped by the expression
levels of the non-regulated housekeeping genes ri@&omal and ATP
synthase (M34362 and EU194608, respectively). LegeBlutathione-S-
tranferase isoforms (GST class&¥GST (omega) uGST (mu), JGST (delta,
three isoforms)microssomal GSTEMAPEG, two isoforms) andGST (sigma)
and catalase (CAT).

MCs toxicity involves the production of reactiveygen species
(ROS) (Guzman and Solter, 19%puaicha and Maatouk, 2004; Jiang
et al.,, 2011). These ROS activate several antioxidazymes such as
superoxide dismutase (SOD), that dismutate two ootds of
superoxide radical into hydrogen peroxide;@) which in turns is
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decomposed by catalase (CAT). CAT is ubiquitous anesent in
prokaryotes and eukaryotes (Kashiwagi et al., 1893tz et al., 1997).
A cDNA containing the complete coding sequencectialase from the
shrimpL. vannameivas sequenced and the mRNA was detected by RT-
PCR in hepatopancreas and gills (Tavares-Sanchedz 2004). The..
vannameiinjected with MCs showed a 1.5-fold increase ia AT
activity (p<0.05; Fig. 3B). Similar response in CAittivity and other
antioxidant enzymes has been observed in crab dpguratreas after 48h
of exposure to MCs (Pinho et al., 2005). HoweveATCactivity in
crabs exposed to the highest dos®oberuginosaaqueous extract was
significantly reduced after 7-day exposure (Pinhaalg 2005). In a
recent study, Sabatini et al. (2011) observed arease in CAT activity
in the digestive gland of the freshwater clddiplodon chilensis
patagonicusafter feeding for 5 and 6 weeks with a toxic straff
Microcystis aeruginosgdNPJB1). Despite the elevated CAT activity
after 48h of MCs-treatmenCAT mRNA transcription inL vannamei
was significantly decreased (0.26 fold) in treagedup (p<0.03) (Fig.
4). We could hypothesize that at this time-poirg #levation in the
CAT activity could be associated with the decreasigdaling pathway
to CAT mRNA transcription. However, this hypothesis rersain be
better investigated in marine invertebrates, suchvannamei It is
reasonable to consider that other antioxidant peters: could be
enhanced in this experiment since no mortality whserved in the
treated shrimp.

4. Conclusion

Based on these results we could suggest that thatigbne
conjugation can be an important MC’s detoxificatimechanism in
shrimp, similarly to what has been observed in matenand other
invertebrates. The elevated CAT activity suggesés teactive oxygen
species are being produced during these proces&siter
characterization of isoforms @f. vannameiGST, especiallyw, ¢ and
MAPEG needs to be addressed.imannamein order to understand the
biochemical mechanisms involved in the toxin eliation from marine
shrimp.
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6. CONCLUSOES

Com base nos dados obtidos, foi possivel concluie @s
condi¢cbes hiposméticas da agua provocam mudancasparbl
transcricional de genes do camardo eurhialino asgolador
Litopenaeus vannamgparticularmente sobre aqueles associados com a
producdo de energia e de defesa celular. A infecofio WSSV néo
parece influenciar significativamente a transcrigés genes avaliados
neste estudo. No entanto, mais estudos precisameakrados para
esclarecer se existe uma interacdo entre a adapdudixa salinidade e
uma maior susceptibilidade a infecgéo viral.

Podemos sugerir que a conjugacao de glutationa pedeim
mecanismo importante de desintoxicacdo de micioastm camarao,
a semelhanca do que tem sido observado em mamiéerostros
invertebrados. O aumento da atividade da catalagperes que espécies
reativas de oxigénio estdo sendo produzidos duestte processo. A
partir dos resultados obtidos, seria interessargkon caracterizar as
isoformas de GST de. vannamei especialmente, 1 e MAPEG, no
intuito de compreender 0s mecanismos bioquimicosleidos na
eliminag&o de toxinas do camardo marinho.
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7. CONSIDERAGOES FINAIS

O cultivo de camardes peneideos € uma importadtesiria nas
Américas, e baseia-se quase que exclusivamentaltioada espécie
de camardo marinhd..vannamei (LIGHTNER, 2011). Apesar do
surgimento de enfermidades virais importantes cadide 90, como o
WSSV, a carcinicultura em &guas marinhas e salobedinua a
expandir e, atualmente, estd equiparada a pesczamtera com a
producdo em torno de 3 milhdes de toneladas metffe&O, 2010). O
aumento na producdo de camardo de cultivo ocorpmsaa do
relativamente pobre conhecimento basico das espéxittivadas e
apesar de enormes perdas devido a doencas, estmackerca de EUA
$ 1 bilhdo por ano desde o inicio de 1990 (FLEGELale2008;
TANTICHAROEN et al 2008). A grave ameaca das dosngaais
sobre a carcinicultura foi a responsavel pelo geaogscimento em
estudos relacionados as respostas virais em casngfeEGEL,;
SRITUNYALUCKSANA, 2011). As enfermidades virais s&uoais
probleméticas que as patologias de outras orig@rshanas porque o0s
invertebrados ndo possuem sistema imunolégico atilaptde defesa
contra patégenos. Entretanto no ambiente natuisieex mecanismos
de defesa eficientes para combater os agentesioses. As estratégias
utilizadas para enfrentar esses obstaculos sdo deuanimais livres de
patégenos (da sigla em inglés SPF, specific pathogen-frgeou
resistentes a patégenos (SPR, apecific pathogen-resistant)
(LIGHTNER, 2011). Estudos moleculares que ideniiio
biomarcadores de resisténcia ou envolvidos em rignas de defesa
contra agentes virais podem melhorar as estratéigiasnfrentamento
desses problemas.

Avaliamos o efeito do estresse osmético sobre damar
L.vannameidesafiados ou ndo com WSSV em dois intervalos de
exposicado. No primeiro experimento os animais foexpostos durante
16 dias a uma condicdo hiposmética sem o0 agenteccioko.
Identificamos genes envolvidos em diferentes psmesioldgicos,
destacando moléculas associadas a producéo désemelgfesa celular.
Em um segundo experimento, o intervalo de exposa@cestresse
osmotico foi reduzido para sete dias, e os camdodas coletados 48h
apos o desafio com WSSV. A partir dos genes ideatibs na SSH,
selecionamos oito genes para verificar sua expressé animais em
estresse osmoético e contendo o0 agente infeccio§SW\pareceu nao
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influenciar a expressdo dos transcritos analisadwss a condicdo
osmotica da agua foi capaz de aumentar a expregssete transcritos
avaliados. A condicdo hiposmética da agua para esggcie de
camardo alterou a expressdo dos transcritos emsaosimtervalos de
exposi¢ao, porém o tempo de exposicdo parecedertaros niveis de
transcricdo. Isso porque os transcritos AJEPsyl1-2, Lectina tipo-C,
Malato desidrogenase Ciclofilina identificados na biblioteca de ESTs
reprimidos através da SSH, foram induzidos na smalie PCR
guantitativo no intervalo de exposicdo menor asessé o0smotico.
Esses resultados podem estar relacionados com reéagiéfalso-
positivas identificadas na SSH ou refletirem o quwide adaptacdo a
nova condicdo osmdtica.

A ocorréncia de floragbes de cianobactérias tem eatado
significativamente em muitas regides do mundo timdlséculo devido
a eutrofizacdo da agua. Estas floracbes sdo pasigoara os seres
humanos, animais e plantas devido a producdo datdiepinas. Ha
evidéncias de que certas toxinas de cianobactsiasgenotoxicas e
cancerigenicas, no entanto, 0s mecanismos de sdancjz
carcinogénico ndo sao bem compreendidos (ZEGURA,e2011). No
intuito de esclarecer o efeito da microcistina satamardek.vannamei
estudamos a expressdo e atividade enzimética dmzismas de
glutationa-S-transferase e da catalase. Observgo®diouve inducéo
de trés isoformas d8STse da atividade enzimatica total da enzima 48h
apos a inoculacdo intra-muscular de 100pg por kddidmassa de
camardo da toxina. Esses resultados sugerem quanjagacdo da
glutationa com a microcistina € um importante megao de
detoxificacdo no camardo. Observou-se também orstorda atividade
da catalase o que sugere a producdo de espédieagete oxigénio
durante essa toxicidade. A diminuigdo de transcriteCAT pode ser
reflexo de um esgotamento da resposta antioxidangnda o resultado
de regulacBes pos-transcricionais sobre a exprelesgene. Entretanto,
mais estudos dever ser feitos para compreenderomelhciclo de
biotransformacéo dessa cianotoxina.

De qualquer forma, esse mecanismo de detoxificpgiiece ser um
importante processo na sobrevivéncia do camardoccamicfes de
cultivo onde é comum a presencga dessas cianotoxinas
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8. PERSPECTIVAS

A partir do conhecimento aprofundado das interagielsiente-
hospedeiro-patdgeno, melhorias podem ser sugepdes manter a
homeostase na saldde dos organismos aquaticogpddeda auxiliar a
minimizar os impactos econdmicos provenientes daermidades
infecciosas, como acontece mundialmente com o WS&NJuns
estudos tém sugerido biomarcadores de estresseiasn@ntretanto,
até o momento, nenhum viavel para uso no setoufivad Através da
andlise de expressdo génica e protéica, da clonagemnpressédo de
proteinas identificadas em estudos que mantenharmanosais em
diferentes condicdes de estresse osmatico, sendtados diferentes
tecidos e ao longo do tempo, poderiam auxiliar dentificacdo de
biomarcadores para uso na selecdo de organismasticagu mais
resistentes as adversidades do meio. A analiseSHer&alizada nesse
estudo contribue fornecendo informagfes importamiee poder&o
auxiliar na identificacdo de genes relacionados cesme tipo de
estresse.

Além disso, pouco se sabe do impacto das microassti
produzidas por cianobactérias e liberadas no meiwesorganismos
aquaticos. A clonagem e a expressao de isoenzi&Sd's, além de
estudos de cristalografia dessas proteinas, podey@a estudos alvo
para a compreensao desse tipo de biotransformagémmpreenséao das
vias metabdlicas envolvidas no processo de elifimaigssas toxinas
pelos organismos poderia auxiliar a entender efigast os impactos
promovidos em ambientes eutrofizados, realidadea caez mais
presente em regifes estuarinas e costeiras, c@mxgua exploracdo
humana. Além disso, o conhecimento sobre o estreiss®tdxico
promovido sobre o metabolismo de invertebrados nepdgervir de
modelo para o entendimento desses processos enfiar@ni
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