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RESUMO

A poluicdo dos ambientes aquaticos por contaminantes organicos e misturas complexas,
como aquelas provenientes de efluentes domésticos e industriais, tem levado certas populacdes de
peixes a apresentarem adaptacfes bioquimicas e moleculares. Dentre estas, estdo 0 aumento nos
niveis do citocromo P450 1A (CYP1A), e em algumas populacGes, a perda da sua capacidade de
inducdo apo6s exposicdo a contaminantes agonistas do receptor de hidrocarbonetos aromaticos
(AHR). Tal impossibilidade de induzir CYP1A € denominada resposta refrataria, e vem sendo
estudada ha decadas em certas populacdes de peixes nativos da América do Norte. O presente
estudo avaliou as respostas transcricionais de CYP1A utilizando RT-gPCR em branquia, figado e
gonopddio dos peixes guarGs Sul-Americanos Jenynsia multidentata e Phalloceros
caudimaculatus coletados no entorno do estuario da Lagoa dos Patos, RS, Brasil. Os niveis de
CYP1A em J. multidentata e P. caudimaculatus de um local contaminado por efluentes
domeésticos e outro proximo ao polo petroquimico, respectivamente, foram mais altos do que em
locais referéncia, distantes destas fontes de contaminacdo. Exemplares de J. multidentata,
provenientes de quatro locais foram expostos a 1 uM de B-naftoflavona (BNF) durante 24 h; e
obtiveram inducdo de CYP1A em todos os 6rgdos em relacdo aos controles, exceto no figado de
peixes de um local contaminado, o que indica a possivel existéncia de resposta refrataria de
CYP1A. Os resultados sugerem que 0s mecanismos responsaveis pela adaptacdo de J.
multidentata aos locais poluidos sdo de alguma forma semelhantes aos encontrados em peixes da
América do Norte e, possivelmente, envolve a resposta refrataria de CYP1A e polimorfismos do
AHR. O presente estudo forneceu informagdes a respeito da adaptacdo envolvendo respostas
refratarias de CYP1A em peixes de locais poluidos e da suporte para a utilizacdo dos niveis
transcricionais de CYP1A em guar(s Sul-Americanos como biomarcador para 0 monitoramento

da contaminacdo ambiental.

Palavras-chave: América do Sul, CYP1A, peixes, poluicdo, resposta recalcitrante.



ABSTRACT

The water pollution caused by organic contaminants and complex mixtures, such as
domestic and industrial sewage, caused some fish species to adapt at the biochemical and
molecular level. This adaptation includes the increase in the level of cytochrome P450 1A
(CYP1A) and an absence of induction by compounds that are agonists of the aryl hydrocarbon
receptor (AHR). This impossibility to induce CYP1A is called refractory response of the CYP1A,
and has been studied by decades in some native fish populations in North America. The present
study evaluated the transcriptional responses of CYP1A using RT-gPCR in gills, liver and
gonopodium of the South American guppies Jenynsia multidentata and Phalloceros
caudimaculatus collected around the Patos Lagoon Estuary, RS, Brazil. The level of CYP1A in J.
multidentata and P. caudimaculatus collected in a stream contaminated with domestic sewage
discharges and from an area close to a petrochemical center, respectively, showed high levels of
CYP1A expression when compared to reference locations distant from the these sources of
contamination. Copies of J. multidentata, from four sites were exposed to 1 uM of p-naftoflavona
(BNF) for 24 h; and obtained induction of CYP1A in all organs compared to controls, except for
the liver of fish from one contaminated site, which indicates the possible existence of CYP1A
refractory response. The results suggest that the mechanisms responsible for the adaptation of J.
multidentata to live in polluted sites are somehow similar to those found in North American fish
and possibly are also related to the CYP1A refractory response and AHR receptor polymorphisms.
This study provided informations about the adaptation involving refractory responses of CYP1A
in fish from polluted environments and give support for the use of CYP1A transcriptional levels in

South American guppies as biomarkers for the monitoring of environment contamination.

Key-words: South America, CYP1A, fish, pollution, recalcitrant response.
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1. INTRODUGCAO GERAL

1.1. As 4guas continentais e a contaminacao aquética

O conceito de aguas continentais engloba em sua classificacdo uma variedade de
ecossistemas. Entre eles incluem-se os corpos de &gua doce, salgada ou salobra, de
origem natural ou artificial e com um regime de inundacdo temporario ou permanente
(Maltchik et al., 2004). Essas areas abrangem alguns dos ecossistemas mais produtivos
do planeta, e séo comumente encontradas em paises da América do Sul (Rolon et al.,
2004). O elevado grau de biodiversidade das &guas continentais deve-se as interacdes
com 0s ecossistemas adjacentes. As caracteristicas fisicas e quimicas desses locais,
juntamente com a heterogeneidade espacial formam um mosaico terra-agua, com elevado
grau de nutrientes, 0 que aumenta a sua produtividade e a sua biodiversidade (Ward et
al., 1999; Rolon e Maltchik, 2006).

Nas Ultimas décadas, o processo de industrializacdo, sobretudo dos paises em
desenvolvimento, e o aumento da populacdo mundial levaram ao incremento de
compostos quimicos nos corpos d’agua (Hojat e Rahim, 2012). Em razdo disso, as aguas
continentais sdo um dos ecossistemas mais afetados pela atividade antropica, que é
considerada a grande responsavel pela reducdo da qualidade ambiental da agua, e por
alteracdes na saude dos seres vivos que dependem direta ou indiretamente desse recurso
(Cajaraville et al., 2000).

As aguas continentais estdo constantemente expostas a diversas fontes de
contaminacdo, como substancias toxicas oriundas dos efluentes industrias e domésticos,
das atividades de drenagem agricola e de derrames de contaminantes organicos, que
incluem petréleo e gasolina (Besse et al., 2013). Na agua, 0s contaminantes persistentes
tem a propriedade de sofrer biomagnificacdo nos diferentes niveis troficos da cadeia
alimentar, podendo atingir diferentes sistemas além do seu local de descarga (Sarkar et
al., 2006). Entre os principais contaminantes de origem antrdpica estdo os metais
pesados, 0os poluentes organicos persistentes (POPs), os hidrocarbonetos policiclicos

aromaticos (HPASs) e uma infinidade de pesticidas (Ndiaye et al., 2012).
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1.2. Os contaminantes organicos

Os contaminantes organicos compde uma das principais classes de substancias
que afetam os ecossistemas aquaticos (Van Hamme et al., 2003). Substancias dessa
natureza incluem os Oleos e as graxas, que podem ser der origem mineral, animal ou
vegetal. Entre os contaminantes orgénicos mais comumente encontrados nas aguas,
destacam-se o petréleo e seus derivados, essencialmente pela alta demanda mundial e
crescente producdo (Fortuny et al., 2008). O petréleo é constituido por uma mistura de
hidrocarbonetos aromaticos, compostos ndo hidrocarbonados e outras substancias
organicas. Em seu estado liquido apresenta-se como uma substancia oleosa, inflaméavel e
menos densa que a agua (Triggia et al., 2001; Van Hamme et al., 2003).

Nas aguas, a presenca desse contaminante diminui a area de contato entre a dgua
superficial e o ar atmosférico, 0 que impede a transferéncia do oxigénio presente na
atmosfera para o ecossistema aquatico (Bielecka et al., 2002). Em processos de
decomposicdo, a presenca de petroleo é responsavel por reduzir o oxigénio dissolvido, o
gue consequentemente aumenta as taxas de demanda bioquimica de oxigénio (DBO) e
demanda quimica de oxigénio (DBQ) (Vieira et al., 2007).

Essa reducdo na taxa de oxigénio dissolvido provoca alteracbes no ambiente
aquatico, o que prejudica as trocas gasosas dos animais e a ocorréncia da fotossintese
(Piedade et al., 2000; Bielecka et al., 2002). Em ecossistemas de agua doce, o impacto do
petrGleo e de seus derivados pode ser mais severo do que em aguas marinhas,
principalmente pela menor movimentacdo das &guas continentais. Devido a
complexidade desses sistemas, 0 6leo pode tanto ficar parado e permanecer no ambiente,
como ser capturado por vegetais aquaticos e por aqueles presentes na margem, podendo
interagir com outros organismos e com o sedimento (Woodhead et al., 1999).

Os hidrocarbonetos policiclicos aromaticos (HPAs) estdo entre os principais
contaminantes organicos abordados em estudos ambientais. Os HPAs sdo compostos
aromaticos, que incluem dois ou mais anéis benzénicos em sua estrutura, alem de atomos
de carbono e oxigénio (Netto et al., 2000). A origem dos HPAs provém da combustéo
incompleta da matéria organica, influenciada essencialmente pela temperatura e pela
pressdo (Siroka e Drastichova, 2004). A queima de florestas e de combustiveis fosseis
aparecem como 0s principais responsaveis pela presenca de HPAs no ambiente (Siroka e
Drastichova, 2004). No entanto, os responsaveis pelo aumento nos indices de HPAS sdo

provenientes de outras fontes, como atividades petroquimicas de refino e producdo das
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diferentes fracdes de petrdleo, além de acidentes de derramamento, esgotos urbano e
industrial e produc&o de energia elétrica (Yunker et al., 2002; Sisinno et al., 2003).

Esses contaminantes podem provocar danos a nivel genético na populacéo
humana, devido as suas propriedades mutagénicas e carcinogénicas (Netto et al., 2000).
Em funcdo da sua hidrofobicidade, os HPAs langados no ecossistema aquéatico podem ser
absorvidos pelos organismos ou interagir com as particulas em suspensdo e com o
sedimento. Isso se deve ao alto coeficiente de particdo entre os solventes organicos e a
agua, que leva a sua acumulacéo nos sedimentos e nos solos (Holt, 2000).

O contato dos HPAs com as plantas aquéaticas pode impedir a transpiragdo e
reduzir a fotossintese, pela sua presenga nos poros dos estdmatos, que restringe a entrada
de CO,. Como consequéncias desses efeitos, tem-se a reducdo no crescimento e
diminuicdo da éarea foliar (Ekundayo et al., 2001; Maranho et al., 2006). Em regifes
temporariamente alagadas, a presenca desse contaminante no solo pode causar a
mortalidade das plantas aquaticas e interferir negativamente no ciclo de vida dos animais
e no processo de rebrotamento das plantas (Lopes e Piedade, 2010).

Ja a interacdo com os sedimentos pode aumentar ou diminuir o poder téxico do
contaminante, que depende de atuacdo de processos quimicos, fisicos e bioldgicos
(Abessa, 2006). O grau de sensibilidade dos animais expostos a HPAs depende da
concentracdo e do tempo de exposicdo ao contaminante. Em modelos experimentais, 0s
HPAs sdo facilmente absorvidos pelos pulmdes, intestinos, glandulas mamarias, tecidos
adiposo e mucoso dos animais (Modica et al., 1983). Os HPAs em geral, possuem um
periodo de meia vida curto. Os presentes no ar, por exemplo, possuem meia vida
estimada em dias, que pode variar conforme a sua associacdo com o material particulado
presente no ar. Dessa forma, ndo ha relacdo entre o nivel tr6fico ocupado pelos
organismos e a sua sensibilidade aos HPAs, visto que esses contaminantes ndo sofrem
processos de biomagnificacdo ou bioacumulacédo (Billet et al., 2008).

No ambiente, esses compostos sdo geralmente classificados como fontes nao
pontuais de contaminagdo. Isso se deve a sua associagdo com outras substancias, que
formam uma mistura complexa de contaminantes de origens distintas (Mantis et al.,
2005). Em areas menores, como corpos de agua continentais, a elevada quantidade de
HPAs presente tanto nos organismos, quanto nos sedimentos pode facilitar a

investigacdo da sua fonte de emissao (Mantis et al., 2005).
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1.3. A contaminacéo no estuario da Lagoa dos Patos e na cidade de Rio Grande

A Lagoa dos Patos é considerada a maior lagoa do Brasil, e recebe a maior parte
do sistema de drenagem do estado do Rio Grande do Sul, constituindo um dos maiores
ecossistemas aquaticos costeiros do mundo, com uma bacia de drenagem de 201.626 km?
(Luz et al., 2010). A Lagoa dos Patos é na verdade uma laguna, por apresentar ligacéo
direta com o Oceano Atlantico através da Barra de Rio Grande. A area ao sul da lagoa
dos Patos constitui uma regido estuarina, por apresentar caracteristicas de um corpo de
agua costeiro, fechado, e com livre ligacdo com o mar (Castelo e Mdller, 1978; Ferreira e
D’Incao, 2008).

A porcdo estuarina abrange uma area de 900 km? e o uso de suas &guas é
destinado a diversas atividades, como irrigacdo, navegacdo comercial e turistica, e
principalmente pesca, uma vez que a economia das cidades estuarinas é dependente
dessa atividade (Luz et al., 2010). Dessa forma, o estuério da Lagoa dos Patos é exposto
a significativos efeitos antropogénicos, oriundos de atividades indistriais e da ocupacao
urbana, provenientes principalmente da descarga de efluentes nao tratados das cidades de
Rio Grande, Pelotas e Sdo José do Norte (Niencheski et al., 1988; Vilas Boas, 1990; Luz
et al., 2010).

Além disso, a regido estuarina da Lagoa dos Patos abriga um dos maiores
complexos portuérios do pais, localizado na cidade de Rio Grande, o qual apresenta
importancia regional dentro do MERCOSUL, sendo o principal responsavel pela
movimentacdo de cargas no estado do Rio Grande do Sul. Por essa razéo, diversas
indUstrias se estabeleceram na regido, entre elas, indUstrias de fertilizantes, uma refinaria
de petroleo e a partir de 2006, as industrias vinculadas ao polo naval (Garcia et al.,
2010). Devido a essa concentracdo de industrias, diversos estudos séo realizados a fim de
evidenciar a poluicdo em Rio Grande, especialmente nas areas ao entorno dos polos
industrial e portuario (Mirlean et al., 2002; Garcia et al., 2010).

O estudo de Mirlean et al. (2002) indicou a presenca de substancias oriundas das
industrias de fertilizante da cidade, como o Fldor, em solo e &gua da chuva. Nessa
mesma &rea, constatou-se a presenca de O3 e de elevado acimulo de PTS (particulas
totais em suspensdo) que foram responsaveis pela origem de problemas respiratorios na
populacéo, especialmente em bairros proximos ao polo industrial (N6brega e Krusche,
2010).
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Igualmente, os contaminantes organicos sdo resultado da acdo antropica e
conduzem estudos de monitoramento ambiental na regido. Em Rio Grande, a
contaminacdo organica é proveniente da combustdo de combustiveis fdsseis, de produtos
petroquimicos langados nos corpos d’adgua e do descarte de lixo doméstico e industrial
(Santos et al., 2008; Medeiros et al., 2005). Estudos pioneiros de Kantin (1980) e
Almeida et al. (1993) encontraram elevados indices de HPAs nas &guas da area portuéria
referente ao Porto Novo, onde ha liberacao de efluentes da refinaria de petréleo.

Baisch et al. (2000) encontrou altas concentracfes de 0leo e graxa na Lagoa dos
Patos, em uma area da cidade conhecida como o Superporto. Segundo Garcia et al.
(2010) a cidade de Rio Grande registra elevados indices de HPAs quando comparada a
outras cidades gauchas, principalmente préximo a postos de combustiveis, a refinaria e a
area portuaria. Além disso, o tratamento do esgoto na cidade € considerado precario, bem
como na maioria das cidades da América Latina, que tem grande parte do esgoto
depositado em rios, estuarios e oceanos (Medeiros et al., 2005). Assim, a descarga de
esgoto e de residuos industriais, somados a atividade de navegacdo sdo apontados como

0s principais responsaveis pela emissdo de HPAs na cidade (Garcia et al., 2010).

1.4. O monitoramento ambiental e os peixes guarus como biomonitores

No Brasil, o monitoramento ambiental das &guas teve inicio com estudos que
utilizavam o diagndstico dos parametros fisico-quimicos da &gua. As caracteristicas
fisico-quimicas da agua podem auxiliar em programas de monitoramento ambiental, pois
atuam como indicadores de contaminacdo aquatica (White e Rasmussen, 1998). No
entanto, estudos baseados unicamente na utilizacao destes parametros ndo sao capazes de
determinar as reais problematicas do ecossistema, especialmente se a avaliacdo for
distante da fonte de emissao (Pratt et al., 1976).

Atualmente, estudos que combinam diferentes metodologias tendem a fornecer
respostas mais sensiveis a respeito das perturbacdes ambientais. A anélise em conjunto
da agua, do sedimento e de organismos vivos, por exemplo, sdo potenciais indicadores
de qualidade ambiental das aguas continentais (Chiba et al., 2011). A analise de
sedimento, por exemplo, fornece caracteristicas importantes a respeito do grau de

contaminacdo do ecossistema aquatico, pois permite detectar contaminantes que néo
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permanecem sollveis, e que ndo seriam detectados apenas pela analise da dgua (Cotta et
al., 2006).

Aliado a isso, 0 uso de organismos vivos tornou-se uma ferramenta importante
em programas de monitoramento ambiental (Ladson et al., 1999). O biomonitoramento
ou monitoramento bioldgico consiste no uso de respostas bioldgicas a fim de avaliar as
mudangas ambientais e utilizar esse conhecimento em programas de melhoria da
qualidade ambiental (Suyama et al., 2002; Guimaraes et al., 2004). Segundo Buss et al.
(2003) o mecanismo natural de bioacumulacdo dos organismos vivos fornece
informagBes de compostos téxicos acumulados, que por vezes ndo sdo detectados
somente com o estudos de parametros fisico-quimicos da &gua. Em vista disso, o
monitoramento bioldgico permite a deteccdo temporal de contaminantes, enquanto a
avaliacdo fisico-quimica da agua fornece apenas dados atuais de contaminacdo (Rinaldi,
2007).

Atualmente, o estudo de monitoramento bioldgico pode ser classificado como
ativo ou passivo (Besse et al., 2013). O biomonitoramento passivo utiliza organismos
nativos do local de estudo, enquanto o ativo permite a utilizacdo de organismos
transplantados de locais de referéncia para o local de interesse (Sudaryanto et al., 2002;
Andral et al., 2004; Benedicto et. al., 2011). O monitoramento passivo &
tradicionalmente o mais empregado em estudos ambientais e € Util na determinacédo de
contaminantes organicos e metais. No entanto, 0 monitoramento ativo aparece como uma
alternativa para contornar eventuais limitacbes, como a efetiva presenca de um
organismo no local de estudo (Besse et al., 2012). Apesar disso, estudos utilizando o
biomonitoramento ativo sd0 menos comuns em aguas continentais quando comparados
ao ambiente marinho (Andral et al., 2004; Benedicto et al., 2011).

Em relacdo aos ecossistemas aquaticos, diversos organismos como macrofitas,
macroinvertebrados bentdnicos, moluscos, crustaceos, mamiferos, aves e peixes podem
ser utilizados como biomonitores (Beeby, 2001; Hering, 2004). Entre esses organismos
destacam-se 0s peixes, pois tem grande distribuicdo geografica, sdo capazes de
metabolizar contaminantes presentes na &gua e podem ocupar o topo da cadeia alimentar,
inferindo efeitos crénicos e acumulativos ao longo da cadeia trofica (Goksoyr et al.,
1991; Araujo et al., 2003).

A regido neotropical apresenta o maior nimero de espécies de peixes, entre eles,
aproximadamente 8.000 correspondem a peixes de dgua doce (Schaefer, 1998). A maior

parte dessa diversidade €& composta por peixes de pequeno porte, presentes
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principalmente em riachos, onde correspondem a 50% da assembleia do ecossistema
(Castro, 1999). Entre as diversas ordens de peixes, destacam-se 0s peixes da ordem
Cyprinodontiformes, considerados biomonitores potenciais (Clark e Di Giulio, 2012).
Essa € uma das ordens com maior diversidade de familias, com cerca de 400 espécies
descritas, incluindo as espécies de guarus (guppies) que sdo cosmopolitas nos ambientes
aquaticos (Lévéque et al., 2008).

Muitas espécies de Cyprinodontiformes sdo abundantes e tradicionalmente de
tamanho pequeno, com a capacidade de tolerar altos niveis de toxicidade ambiental
(Burnett et al., 2007; Bosker et al., 2010; Clark e Di Giulio, 2012). Algumas espécies sdo
utilizadas em estudos ecotoxicolégicos como o0s guaris Jenynsia multidentata,
Phalloceros caudimaculatus, Poecilia vivipara, Poecilia latipinna, e o killifish Fundulus
heteroclistus (Clark e Di Giulio, 2012; Dorrington et al., 2012; Ferreira et al., 2012;
Shiogiri et al., 2010).

No Brasil, alguns Cyprinodontiformes séo facilmente encontrados e apresentam
elevado potencial para novos estudos em ecotoxicologia (Betito, 2006; Mai et al., 2007;
Zanette, 2013). Na regido Sul do Rio Grande do Sul, ha registro de algumas espécies,
entre elas, Jenynsia multidentata e Phalloceros caudimaculatus, que ocorrem em todas
as épocas do ano (Betito, 2006; Bastos, et al., 2013). Essas espécies possuem
caracteristicas importantes que os fazem bons modelos de estudo, como a
representatividade de um diverso grupo bioldgico, a facil captura e o ciclo reprodutivo
curto, além de serem cosmopolitas e nativas da América do Sul (Wolff et al., 2007).
Além disso, possuem tamanho pequeno e apresentam certa toleréncia a oscilagdes de
salinidade e temperatura, que os tornam modelos promissores para estudos em campo e
em laboratorio (Mai et al., 2005; Betito, 2006).

Em comum essas duas espécies apresentam algumas particularidades fisioldgicas
e morfoldgicas, uma das mais caracteristicas € a presenca de viviparidade, a qual
inspirou 0 nome comum de espécies dessa ordem, chamadas no Brasil de barrigudinhos
ou guarts (Vieira et al., 1998). Outra carateristica importante e pouco comum entre 0s
peixes é a modificagdo da nadadeira anal dos machos em um sistema gonopodial para
transferéncia do esperma no sistema urogenital feminino (Sabino e Castro, 1990; Betito,
2006). O gonopddio possui estrutura rigida e capacidade de regeneracdo, sua forma é
fina e alongada, e pode chegar a até 10 mm de comprimento (Betito, 2006; Rahayu et al.,
2013).
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O peixe J. multidentata ¢é a espécie mais comum da familia Anablepidae, e ocorre
do Rio Negro, na Argentina até o estado do Rio de Janeiro, no Brasil (Ghedotti e
Weitzman, 1998). Sdo individuos de facil identificacdo, possuem corpo alongado, ventre
arredondado e manchas escuras curtas e estreitas ao longo das laterais do corpo (Garcia
et al., 2004). Machos e fémeas apresentam dimorfismo sexual externo, além disso, 0s
machos sdo tradicionalmente menores que as fémeas, atingindo no méximo 6 cm, ja as
fémeas podem atingir até o dobro do comprimento dos machos (Garcia et al., 2004). As
fémeas possuem o ventre aumentado em funcdo das gestacdes, que duram 25 dias, cada
fémea pode ter até 4 gestacdes, gerando em media de 40 a 50 embribes (Vieira et al.,
1998; Betito, 2006).

O periodo reprodutivo ocorre duas vezes a cada ano, um principal no fim da
primavera e durante o verdo, e outro de menor duracéo e intensidade, no final do inverno
e no inicio da primavera. J. multidentata € uma espécie eurihalina, e pode ocorrer tanto
em corpos d’agua doce, quanto em estuarios, com capacidade de viver em &guas
contaminadas (Vieira et al., 1998; Hued e Bistoni, 2005). O habito alimentar € omnivoro,
com dieta baseada na ingestdo de diatomaceas epifitas, restos de material vegetal em
decomposicdo, além de poliquetos e anfipodes (Betito, 2006; Mai et al., 2007).
Exemplares desta espécie sdo capturados em maior nimero no Sul do Brasil no periodo
do verdo (Garcia et al., 2004).

P. caudimaculatus pertence a familia Poeciliidae e é uma das vinte e uma
espécies identificadas até 0 momento para o género Phalloceros (Sabino e Castro, 1990;
Lucinda, 2008). Ocorre no sudeste e no sul do Brasil, incluindo Laguna dos Patos, baixo
Rio Uruguai, Bacias dos Rios Tramandai e Mampituba, além de drenagens costeiras do
Uruguai e da Argentina (Bisazza, 1993; Lucinda, 2008). Fémeas e machos possuem
dimorfismo externo, como a presenca de gonopddio e diferencas significativas de
tamanho. Os machos possuem em média 1,9 a 2,1 cm, ja as fémeas sdo tradicionalmente
maiores que os machos, com média entre 2,3 cm, podendo atingir o triplo do tamanho
dos machos na fase juvenil (Wolff et al., 2007). Da mesma forma que J. multidentata, a
fémea, apresenta o abdémen aumentado devido as gestacdes (4 de até 25 dias cada uma),
gerando em média 40 a 50 embrides (Kock et al., 2000).

O habito alimentar do P. caudimaculatus & omnivoro, com tendéncia a
herbivoria, alimentam-se também de larvas aquaticas de moscas e mosquitos, auxiliando
assim, no controle biolégico (Sabino e Castro, 1990; Kock et al., 2000). Habitam corpos

de agua doce e salobra, com preferéncia pela zona préxima a superficie, onde o teor de
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oxigénio é maior, o que lhes permitem ocupar ambientes pouco oxigenados. O periodo
de maior captura dessa espécie no sul do Brasil apresenta certa variacdo (Kock et al.,
2000; Wolff et al., 2000). No Parana, animais jovens tiveram seus picos de ocorréncia
nos meses de novembro e marco, ja as fémeas gravidas foram encontradas em maior

namero nos bimestres de margo-abril e julho-agosto, e no més de janeiro (Wolff et al.,
2000).

Figura 1. Imagem ilustrativa da fémea (9) e do macho (&) de Jenynsia multidentata
(Anablepidae). O circulo em vermelho no macho representa a nadadeira anal modificada
em gonopddio (Vieira at al., 1998; Betito, 2006).

Figura 2. Imagem ilustrativa da fémea (Q) e do macho (&) de Phalloceros
caudimaculatus (Poeciliidae). O circulo em vermelho no macho representa a nadadeira
anal modificada em gonopddio (Kock et al., 2000).
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1.5. Biomarcadores ambientais

Para avaliar o impacto da contaminag&o ambiental deve-se conhecer o efeito que
0s contaminantes causam nos organismos vivos do ecossistema (Wells et al., 2001).
Para isso, os estudos de biomonitoramento empregam biomarcadores ambientais,
definidos como alteragdes bioquimicas, celulares, moleculares ou fisiologicas nas
células, fluidos corpéreos, tecidos ou 6rgdos de um organismo que expressam o0s efeitos
toxicos causados por contaminantes (Lam e Gray, 2003).

De acordo com o tipo de estudo a ser realizado, 0 emprego de biomarcadores
deve atender a alguns pressupostos como: especificidade do biomarcador com o
contaminante e com o efeito produzido no tecido alvo; apresentar resultados claros, que
possibilite distinguir os efeitos do contaminante das alteracbes normais ocorrentes nos
organismos e ainda apresentar uma viavel reprodutibilidade metodoldgica (Stegeman et
al., 1992; Cajaraville et al., 2000). Segundo Stegeman et al. (1992) a utilizagdo de
biomarcadores em estudos ecotoxicoldgicos apresenta vantagens, pois possibilita: (1)
avaliar precocemente a ocorréncia de contaminacao nos sistemas bioldgicos, (2) avaliar o
grau de contaminacdo, (3) avaliar a severidade dos efeitos causados pelos contaminantes,
(4) avaliar as espécies ou populacdes que estdo sujeitas a contaminagao.

Os biomarcadores podem ser classificados de acordo com o tipo de alteracdo que
sdo capazes de detectar nos organismos. Um biomarcador de efeito é classificado como
um parametro bioldgico, que é medido no organismo e que reflete na interacdo da
substancia quimica com os receptores biolégicos. Na maioria das vezes, as alteracdes
bioguimicas sdo consideradas como uma fonte potencial de indicadores bioldgicos de
efeito (Amorim, 2003). Um biomarcador de exposicao pode ser usado para confirmar e
avaliar a exposicdo do organismo a uma substancia em particular, estabelecendo uma
ligacdo entre a exposicdo externa e a quantificacdo da exposicdo interna (Amorim,
2003). Um biomarcador de exposicdo bastante conhecido é o Citocromo P450 (ou CYP)
e a sua elevada atividade pode indicar a exposi¢do dos organismos frente a compostos
indutores e consequentemente avaliar 0 grau e o possivel risco de contaminagao
ambiental (Stegeman e Hahn, 1994). Ja os biomarcadores inespecificos sdo capazes de
detectar varios tipos de contaminantes e sdo geralmente utilizados como indicadores
gerais de exposicdo em ambientes aquaticos (Van der Oost et al., 2003).

Atualmente hd uma série de biomarcadores utilizados em ecotoxicologia. Os

biomarcadores moleculares e celulares fornecem respostas referentes aos primeiros sinais
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de perturbacdo ambiental, podendo ser utilizados como indicativo de futuros riscos aos
ecossistemas (Cajaraville et al., 2000). Esses marcadores sdo muito Uteis em estudos
envolvendo a exposicdo a diversos contaminantes, como metais, contaminantes de
origem organica e compostos organometalicos (Ross et al., 2002). Além disso, séo
capazes de detectar aqueles rapidamente metabolizados, como os HPAs e o0s
organofosforados (Sarkar et al., 2006). Dessa forma, o uso desses biomarcadores é (til
em estudos de campo, pois permite avaliar diversos contaminantes, que geralmente

encontram-se em misturas complexas no ambiente (Monserrat et al., 2007).

1.6. O biomarcador citocromo P4501A (CYP1A)

O citocromo P450 faz parte do sistema monooxigenase de funcdo mista (MFO), e
atua no metabolismo oxidativo e na detoxificacdo de inUmeras substancias de origem
natural e xenobidtica (Bonacci et al., 2007). O processo de metabolizacdo de
xenobidticos como HPAs ou outros contaminantes, consiste basicamente na
transformacdo de moléculas lipofilicas em compostos mais polares, a fim de serem
eliminados pela célula com maior facilidade (Busby et al., 1999). O sistema enzimatico
citocromo P450 ou CYP é constituido por uma superfamilia de hemoproteinas presente
desde bactérias até mamiferos (Craft et al., 2003; Dong et al, 2004).

CYP possui diferentes isoformas, das quais algumas sdo utilizadas como
biomarcadores, estas isoformas estdo presentes principalmente no figado, embora
ocorram em menor concentracdo em tecidos extra-hepaticos (Nakajima e Aoyama,
2000). Em relacdo & nomenclatura, o prefixo CYP indica o sistema enzimatico citocromo
P450, que € classificado dentro de familias e subfamilias. O nimero ap6s o prefixo CYP
indica a familia (ex.: CYP1, CYP2, CYP3), enquanto a letra depois do nimero indica a
subfamilia (ex.. CYP1A, CYP3A). O ultimo numero da nomenclatura especifica a
isoenzima dentro de uma determinada subfamilia (ex.: CYP1A4, CYP2C9, CYP3A4)
(Audi e Pussi, 2000; Nelson, 2011; Koenig et al., 2012).

Nos peixes, sdo conhecidas quatro subfamilias de CYP1l: CYP1A, CYP1B,
CYP1C e CYP1D que séo reguladas de forma distinta ao nivel transcricional (Jonsson et
al., 2007; Zanette et al., 2009). Entre essas subfamilias, CYP1A é amplamente utilizada
como biomarcador hepéatico em peixes tanto em &guas continentais quanto marinhas
(Parente et al., 2004; Kirby et al., 2007). Além disso, a subfamilia CYP1A é uma das
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mais estudadas no monitoramento da poluicdo em ambientes aquaticos, pois é capaz de
biotransformar HPAs, bifenilos policlorados (PCBs), dioxinas (TCDDs) e alguns
pesticidas (Machala et al., 1997).

Em Cyprinodontiformes, como Fundulus heteroclitus, Poecilia vivipara,
Jenynsia multidentata e Phalloceros caudimaculatus, varios estudos demonstram a
inducdo de CYP1A frente a exposicdo a certos contaminantes orgénicos (Zanette et al.,
2009; Dorrington et al., 2012; Ferreira et al., 2012). Sobretudo, 0s niveis de transcrigdo
génica de CYP1A variam de acordo com o 6rgdo analisado e com o tempo de exposicao
ao contaminante (Kim et al., 2008). Segundo Dorrington et al (2012) os niveis de
expressdo relativa para cada gene variam de acordo com o 6rgdo, sendo CYP1A mais
expresso no figado, CYP1B1 nas branquias e CYP1CL1 no intestino de P. vivipara.

A propriedade de CYP1A como um biomarcador de exposicdo deve-se ao efeito
produzido no receptor de hidrocarboneto aromético (AHR) presente nas células
(Honkakoski e Negishi, 2000). Em estudos que visam a exposicao de modelos biol6gicos
a contaminantes usam-se geralmente sustancias sintéticas, que provocam as mesmas
respostas do contaminante de interesse. Entre essas substancias, destaca-se a beta-
naftoflavona (BNF-5,6 benzoflavona) que € um composto sintético, derivado de um
composto natural de flavondides, e tem a aptidao de induzir aumentos significativos nos
niveis de CYP1A, causando efeitos distintos em outros membros do sistema MFO (Di
Giovanni, 1990; Navas e Segner, 2001).

O BNF tem a propriedade de ser um forte indutor de CYP1, e ndo se apresenta
como um composto genotdxico, o que torna seu uso recomendavel quando comparado a
outras substancias sintéticas como o benzo[a]pireno e PCB126, que produzem o mesmo
efeito sobre o receptor AHR e CYP1A, porém sdo altamente toxicos (Ferreira et al.,
2012). Outra caracteristica positiva do BNF € a ndo inducéao de outras familias de CYP, o
que facilita os estudos cujo alvo seja apenas a sufamilia CYP1A (lto et al., 1996).

O mecanismo de inducdo da enzima CYPL1A depende basicamente do receptor
AHR, que esté envolvido na regulagdo da expressdo do gene CYP1A. A inducdo inicia-se
pela ligagdo do xenobidtico especifico ao complexo proteico que compreende o AHR e a
proteina de choque téermico 90 (hsp 90), que depois é dissociada do complexo receptor-
indutor. Apo6s a liberacdo da hsp 90, o complexo receptor-indutor liga-se a outra
proteina, o translocador de receptor de hidrocarbonetos aromaticos (ARNT), que
localiza-se no nucleo da célula (Stegeman e Hahn, 1994). No ndcleo, o complexo

ARNT-AHR liga-se a uma regido especifica do DNA, o elemento de resposta a
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xenobiotico (XRE). Fatores transcricionais sdo usados para acessar a regido promotora
do gene CYP1A, e o RNA mensageiro € entdo sintetizado. Essa ativacdo génica provoca
um aumento na expressdo e na atividade da enzima CYP1A, levando entdo a
biotransformacao, que resulta na detoxificacdo/bioativacdo dos contaminantes organicos
(Safe e Krishnan, 1995) (Figura 3).

Citosol

|I-[PA HPA HPA
AHR ~—|AHR |~ ~ AHR |~ ~ | AHR

(i

Detoxificacao HPA
Bioativacio
AHR ‘
T ARNT
Proteina CYP1A \
b
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RNAm CYPIA Niicleo

HPA: hidrocarboneto policiclico aromatico; hsp 90: proteina de choque térmico; AHR: receptor de hidrocarboneto aromatico;
XRE: elemento de resposta a xenobiotico; ARNT: translocador de receptor de hidrocarbonetos aromaticos: RNAm: acido
ribonucléico mensageiro.

Figura 3. Desenho esquematico da inducdo do gene CYP1A na presenca de benzo-a-
pireno, um hidrocarboneto policiclico aromético (HPA).

1.7. Resposta refrataria de CYP1A em peixes Cyprinodontiformes

Atualmente estudos de biomonitoramento envolvendo diferentes populacbes de
uma mesma espécie de peixe sdo realizados com o objetivo de avaliar uma gama maior
de &reas expostas a contaminacao e, assim, estabelecer pardmetros comparativos entre
estas populagOes (Timme-Laragy et al., 2005; Wills et al., 2010). Para isso, uma das

espécies mais utilizadas é F. heteroclitus, em funcdo da sua tradicional aplicagcdo na
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ecotoxicologia (Wills et al., 2010). Essa espécie é amplamente distribuida na América do
Norte, e ocupa ambientes estuarianos livres de contaminagdo, bem como ambientes
fortemente impactados por compostos quimicos (Wirgin e Waldman, 2004).

Estudos comparativos permitem verificar semelhancas e diferencas de adaptacao
a diversos contaminantes e a capacidade de resisténcia e tolerancia ao estresse entre as
populagbes (Williams e Oleksiak, 2008). Oleksiak (2008) realizou um estudo com
diferentes populacdes de F. heteroclitus pertencentes a locais referéncia (limpos) e
contaminados, e mostrou que os peixes de locais contaminados apresentaram indices
menores de indugdo para os genes ligados a sintese de acidos graxos, que converte o
excesso de energia em gordura. A ndo inducdo desses genes sugere que 0S peixes de
populacdes contaminadas possuem um estoque limitado de energia armazenada, em
relacdo a peixes de populacGes de locais referéncia.

Outro estudo semelhante apontou que a adaptacdo de F. heteroclitus aos locais
poluidos deve-se a supressdo da expressdao do gene CYP1, devido a uma provavel
alteracdo na sinalizacdo ou controle do AHR, responsavel pela ativacdo de enzimas
metabolicas das fases | e Il da biotransformacdo de xenobidticos (Wills et al., 2010).
Essa supressdo na inducdo de genes, incluindo o gene CYP1A, é chamada de resposta
refrataria ou recalcitrante, e € comum em populacdes de F. heteroclitus adaptadas a
contaminacdo crénica (Timme-Laragy et al., 2005).

Vérias hipoteses tentam explicar a ndo inducdo de CYP1A, como desacetilacédo de
histonas por interferéncia de fatores enddgenos (Matzke e Birchler, 2005), degradacédo de
RNA (Bevilacqua et al., 2003), metilacdo do nucleotideo CpG na regido promotora do
gene CYP1A e modificacBes pds-traducionais envolvidas com o receptor AHR (Timme-
Laragy et al., 2005). Atualmente, uma das hipoteses mais aceitas, € de que a resisténcia
adquirida dessas populacdes a contaminacéo esteja no polimorfismo do AHR, e que essa
adaptacdo seja comum para diferentes espécies de peixes (Aluru et al., 2011; Wirgin et
al., 2011).

No presente estudo, foram verificadas as variagdes na transcri¢cdo e indugédo de
CYP1A em locais possivelmente contaminados, utilizando diferentes populagdes de J.
multidentata e P. caudimaculatus. Avaliou-se também a possivel ocorréncia da resposta
refratdria de CYP1A em J. multidentata, a fim de melhor compreender possiveis
mecanismos de adaptacgdo e resisténcia dessas populagdes na regido, e dar suporte ao uso

de guarus Cyprinodontiformes para estudos em ecotoxicologia.
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2. OBJETIVOS

2.1. Objetivo geral

Verificar as respostas transcricionais de CYP1A em diferentes populagfes de
Jenynsia multidentata e Phalloceros caudimaculatus para contaminantes agonistas do
receptor AHR.

2.2. Objetivos especificos

e Caracterizar, a nivel hidroquimico, os locais de coleta de J. multidentata e P.
caudimaculatus.

e Avaliar os niveis de expressdo de CYP1A em peixes J. multidentata e P.
caudimaculatus coletados em locais contaminados e locais distantes de possiveis
fontes de contaminacao.

e Auvaliar a ocorréncia de resposta refrataria de CYP1A no Cyprinodontiformes Sul-

Americano J. multidentata.
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CAPITULO 1

Effects of Environmental Contamination on the CYP1A Response in Two

Species of South American Guppies.

(Manuscrito a ser submetido para a revista Ecotoxicology and Environmental

Safety).
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o Higher CYP1A levels were observed in organs of fish from contaminated sites
o CYP1A refractory response was recorded in guppy from a polluted site
o Effects of pollution in South American fish from the Patos Lagoon Estuary

were evaluated
o CYP1A responses were evaluated in biopsied fin from guppies

o South American guppies were used to study adaptation to pollution
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Abstract

The aquatic contamination with organic compounds (e.g. PAHs and PCBs)
and complex mixtures (e.g. industrial and domestic sewage discharges) lead fishes to
respond with the induction of the biomarker cytochrome P450 1A (CYP1A).
Alternatively, the resistance adquired in some fish populations to live in heavily
polluted sites (e.g. Fundulus heteroclitus from New Bedford Harbor, MA, USA) is
correlated to the suppression of CYP1A induction; the so-called CYP1A refractory
phenotipe. The present study, evaluated for the first time the CYP1A transcriptional
level in the South American Cyprinodontiformes guppies Jenynsia multidentata and
Phalloceros caudimaculatus collected in sites with distinct level and types of
contamination and investigated the presence of the CYP1A refractory phenotype in
those fish popullations. High CYP1A level was observed in J. multidentata from an
urban area, where high nutrient concentration and low level of dissolved oxygen was
also recorded and eliciting contamination with domestic sewage discharges. P.
caudimaculatus from a site located in a petrochemical pole showed high levels of
CYP1A expression in gill, liver and gonopodium, comparing to other sites.
Laboratory exposure of J. multidentata from four sites, to 1uM B-naphthoflavone for
24 h, caused the CYP1A induction in all organs analyzed (gill, liver and
gonopodium), relative to controls, with the exception of the liver of fish from one of
the sites, suggesting a weak liver-specific CYP1A refractory response in that fish
population. The CYP1A induction to BNF in gonopodium of guppies was similar to
gill and liver, which indicates the use of this biopsied organ for non-lethal biomarker
analysis. The results suggest that the mechanisms responsible for the adaptation of J.
multidentata are somehow similar to those found in fish from North America and

possibly are also related to polymorphism in the AHR receptor. This study provided
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the first information about the adaptation in polluted sites involving the CYP1A

refractory responses in South American guppies. Additional studies are needed to

understand the basic mechanisms involved in this adaptation.

Keywords: South America, contamination, CYP1A, fish, recalcitrant response.
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1. Introduction

South America continental waters exhibit a high biodiversity and comprise
some of the most productive ecosystems on the planet (Ward et al., 1999; Lévéque,
2005). The chaotic human occupation in these environments is one of the main
causes of reduction in the environmental water quality, which results in changes on
the health of living beings that depend directly or indirectly on this resource
(Cajaraville et al., 2000).

The polycyclic aromatic hydrocarbons (PAHSs) are one of the main classes of
contaminants that affect aquatic ecosystems (Netto et al., 2000; Van Hamme et al.,
2003). The estuarine region of Patos Lagoon, where this study was conducted,
comprises the city of Rio Grande and the second largest Brazilian port complex, as
well as fertilizer industries and an oil refinery (Medeiros et al., 2005; Amado et al.,
2006; Garcia et al., 2010). Furthermore, sewage treatment is considered precarious,
as well as in most cities of Latin America where sewage is deposited in rivers,
estuaries and oceans (Niencheski and Windom, 1994; Medeiros et al., 2005). Thus,
the discharge of sewage and industrial waste, together with the navigation activity,
are mainly responsible for PAHs emissions in the region (Medeiros et al., 2005;
Garcia et al., 2010).

The environmental monitoring programs aim to provide answers concerning
the environmental disturbances and use this information as a source of remediation
and management (Ladson et al., 1999). The joint analysis of water, sediment and
living organisms, for example, is a potential indicator of environmental quality of
continental waters (Chiba et al., 2011). Among the organisms used in biomonitoring,

fish possess wide geographic distribution and can metabolise the contaminants
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present in the water, inferring chronic and cumulative effects along the trophic chain
(Goksoyr et al., 1991; Araujo et al., 2003).

In Brazil, some species of Cyprinodontiformes are abundant and have high
potential to be used in ecotoxicology studies (Ferreira et al., 2012, Zanette, 2013).
Jenynsia multidentata and Phalloceros caudimaculatus have small size and certain
tolerance to salinity and temperature fluctuations, which makes them promising
models for field and laboratory studies (Mai et al., 2005; Wolff et al., 2007, Ferreira
et al., 2012). In addition, they possess the ability to live in contaminated and
deteriorated environments with low oxygen availability (Hued Bistoni, 2005; Araujo
et al., 2009). These species share external sexual dimorphism, characterized by an
anal fin modified into a copulating organ (gonopodium) and significant differences
in size, with females traditionally larger than males (Wolff et al., 2007; Rahayu et al.,
2013).

Currently there are a great number of biomarkers used in ecotoxicological
studies. Among these, molecular and cellular biomarkers provide answers on the first
signs of environmental disturbance (Cajaraville et al., 2000). Their use permits to
plan remediation measures before higher levels of biological organization, such as
population, community and ecosystem, are affected (Monserrat et al., 2003). The
cytochrome P450 enzyme system or CYP is associated with the mixed-function
monooxygenase (MFO) system and acts on the oxidative metabolism and
detoxification of numerous substances of natural or xenobiotic origin (Bonacci et al.,
2007). CYP is composed of a superfamily of hemoproteins, present from bacteria to
mammals, used for the detection of toxic contaminants in aquatic systems,
particularly in fish (Arinc et al., 2000; Craft et al., 2003; Dong et al., 2004). This

system metabolizes polycyclic aromatic hydrocarbons (PAHs) and other
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contaminants, converting lipophilic into hydrophilic compounds that can be easily
excreted (Busby et al., 1999).

Four subfamilies of CYP1 are known in fishes: CYP1A, CYP1B, CYP1C and
CYP1D, which are separately regulated biomarkers at the transcriptional level
(Jonsson, et al., 2007; Zanette et al., 2009). Among these subfamilies, CYP1A is
widely used as a biomarker for contamination in fish liver, both in continental and
marine waters (Parente et al., 2004; Kirby et al., 2007). The CYP1A property of
acting as a biomarker of exposure is due to the effect produced on the aromatic
hydrocarbon receptor (AHR) present in the cells, starting the process of induction
that leads to the activation of CYP1A at the transcriptional level (Honkakoski and
Negishi, 2000).

The biomonitoring with different populations aims to evaluate a wider range
of areas exposed to contamination and thus establish comparative parameters
between these populations (Timme-Laragy et al., 2005; Oleksiak 2008). The
Cyprinodontiform fish Fundulus heteroclitus is widely used in this type of
monitoring, on the basis of their traditional use in Ecotoxicology (Burnett et al.,
2007). Studies in North America indicate that one of F. heteroclitus adaptations to
contaminated sites involves suppression in the induction of genes, such as CYP1A
(Oleksiak 2008; Wills et al., 2010).

Various hypotheses suggest this suppression of CYP1A with deacetylation of
histones by interference of endogenous factors (Matzke and Birchler, 2005),
degradation of RNA (Bevilacqua et al., 2003), nucleotide CpG methylation in the
promoter region of the gene CYP1A and posttranslational modifications involved
with the receptor AHR (Timme-Laragy et al., 2005). Currently, one of the most

accepted hypotheses is that the acquired resistance to contamination by these
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populations relies on the polymorphism of AHR, and that this adaptation is shared by
different species of fish (Aluru et al., 2011; Wirgin et al., 2011). This suppression of
CYP1A gene induction is called refractory or recalcitrant response, characterized as
the absence of CYP1A induction in organisms exposed to organic contaminants that
are AHR agonists, which is common in populations of F. heteroclitus adapted to
chronic contamination (Meyer et al., 2003; Timme-Laragy et al., 2005; Aluro et al.,
2011). However, there are no reports of this gene suppression occurring in native fish
species from South America.

This study evaluated expression and induction variations of CYP1A by PAHS,
including field and laboratory analyses in different populations of J. multidentata and
P. caudimaculatus. The possible occurrence of refractory response in J. multidentata
was also evaluated to investigate the mechanisms of adaptation and resistance of

these populations in the region, providing a basic knowledge for future studies.

2. Material and methods

2.1. Collection locations

Adult male specimens of J. multidentata and P. caudimaculatus (2.24 + 0.25 and
1.78 £ 0.22 cm, respectively) were collected near the Patos Lagoon Estuary, where
the city of Rio Grande - RS is located, between February 2013 and May 2014. J.
multidentata was collected in the sites 1, 2, 3 and 4 (S1, S2, S3 and S4, respectively;
Figure 1 and Table 1). S1, S2 and S3 are three washouts located in Cassino beach, a

seaside resort with approximately 20,000 inhabitants. S1 was considered a reference
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location, because it is a deserted area located approximately 22 km to the south of the
nearest urbanized area. S2 is located around 1 km to the north of the residential area
of Cassino beach and it was considered little impacted. S3 is located in the residential
area of the beach, which is irrigated with domestic sewage and has been used in
studies with guppies in the region (Ferreira et al., 2012; Machado et al., 2013). S4 is
an artificial channel that runs through the city and is known to be contaminated by
domestic sewage and organic contaminants (Niencheski and Baumgarten, 2010). The
sampling point S4 corresponds to the northern location that flows into the estuary of
Patos Lagoon.

P. caudimaculatus was collected at the sites 5, 6 and 7 (S5, S6 and S7,
respectively) in different regions of the city of Rio Grande (Figure 1 and Table 1).
The choice of these sites was based on the type of contamination present in each
location; S6 was located outside of an oil refinery, close to PAHs emission; the other
two sites were located far from this source of contamination. S5 is located at the
Vieira stream, near ERS-734, between two neighborhoods of the city and
approximately 15km distant from S6, with high amounts of domestic sewage (Santos
et al., 2008). S7 is a canal located in the industrial complex, distant around 11 km

from S6.

2.2. Evaluation of physico-chemical parameters of the water

Water samples were collected from April 2013 to May 2014 where J.
multidentata and P. caudimaculatus were also collected, respectively. Total nitrogen
and phosphorus levels were evaluated through 0.5 L water samples, collected at
approximately 30 cm from the surface. The samples were stored in glass containers

and analyzed in a period of less than 24 h after collection to obtain results as close to
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the actual levels as possible. Total nitrogen was evaluated according to the Kjeldahl
method (Mackereth and Talling, 1978) and the concentration of total phosphorus was
determined according to Valderrama (1981). Three replicas were made for these two
parameters. The value of each parameter was the average of the results obtained.
Measurements of temperature, pH, salinity and dissolved oxygen were carried out
with a multiparameter water quality checker Horiba U-50 at the moment of the
collection. The value of each parameter measured by the checker was obtained

through the average of three measurements.

2.3. Levels of CYP1A in Jenysia multidentata and Phalloceros caudimaculatus

collected around the Estuary of Patos Lagoon

Fish were collected (n = 10 per site) with a fish dip net and anesthetized in
tricaine solution (Sigma, St Louis, MO, USA) at a concentration of approximately
150 mg/L for 2.5 min, and later euthanized with cervical transection. These
procedures were approved by the Ethics Committee and Animal Use (CEUA) at
FURG. Previous experiments have been conducted in order to use this method of
anesthesia, which confirmed that the expression and induction capacity of CYP1A are
not altered by this procedure (submitted manuscript).

Liver, gill and anal fin (gonopodium) were dissected and stored immediately
in RNAlater (Ambion, Austin, TX, USA) for further assessment of CYP1A levels.
Total RNA was isolated with Trizol reagent (Invitrogen, Carlsbad, CA, USA) and its
transcript was converted to cDNA with the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA, USA). CYP1A and B-actin
specific primers were used for the analysis through real-time PCR according to

Ferreira et al. (2012) (Table 4). The real-time PCR analyses were performed with
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GoTagq gqPCR Master Mix kit (Promega, Madison, WI, USA) and real-time PCR
System 7300 (Applied Biosystems), using the following program: 50° C for 2 min,
95° C for 2 min and 40 cycles of 95° C for 15 seconds and 60° C for 30 sec. The
samples were analyzed in duplicate and the method E™° was employed to calculate
the relative level of transcription of the experimental groups according to Livak and
Schmittgen (2008), using B-actin as a housekeeping gene. Data were logarithmically
transformed to fit ANOVA assumptions of normality and homoscedasticity. The
difference among the groups was determined via one-way ANOVA followed by

Tukey’s HSD test (p < 0.05).

2.4. Evaluation of the refractory response of CYP1A in Jenynsia multidentata

J. multidentata adult males were collected (n = 80; 20 per site) at S1, S2, S3
and S4. The animals were taken to the aquatic vivarium and acclimatized for two
weeks in dechlorinated water with salinity 5 and temperature of 24° C, constant
aeration and photoperiod of 12 h light/12 h dark. They were fed twice a day with the
commercial ration Alcon BASIC MEP 200 Complex (Alcon, Camborid, SC, Brasil).
For the exposure experiment, fish from each site were separated into two 6 L
aquariums (n = 10 each) for the control and exposed groups, totaling 8 aquariums for
fish from the 4 sites. The animals were kept in the same conditions of
acclimatization, but without feeding for 24 h prior to the beginning of the
experiment. Beta-naphthoflavone (BNF) (Sigma, St Louis, MO, USA) dissolved in
dimethyl sulfoxide (DMSQ) (Sigma, St Louis, MO, USA) was added into the water
of the exposure groups to obtain a final concentration of 1 uM of BNF. DMSO was
added to the control groups to obtain an equivalent DMSO concentration of 0.002%

that was used in the BNF exposed group (Jonsson et al., 2007; Kim et al., 2008).
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After 24 h of exposure, fish were anesthetized and euthanized, as described in
the item 2.3. Liver, gill and gonopodium were dissected to extract RNA, synthesize
cDNA and assess the quantitative expression of CYP1A and B-actin through real-time
PCR (item 2.3). Data were logarithmically transformed to fit ANOVA assumptions
of normality and homoscedasticity and the difference among the groups was

determined via one-way ANOVA followed by Tukey’s HSD test (p < 0.05).

3. Results

3.1. Evaluation of physico-chemical parameters of the water

The physical and chemical parameters of the water are described in Tables 2
and 3 for the collection sites of J. multidentata and P. caudimaculatus, respectively.
Among the sampling points of J. multidentata, the temperature did not oscillate too
much between sites, being slightly lower in S1 (16.41 + 0.61° C), higher in S4 (19.75
+ 0.04° C) and similar in S2 and S3 (17.44 £ 0.35; 17.65 + 0.12, respectively). The
levels of pH stayed around 7 and did not show significant differences among S1, S2,
S3 and S4 (6.49 + 1.09; 6.86 £ 0.70; 6.77 + 0.21; 7.18 £ 0.05, respectively). Salinity
also did not show great variations, being slightly higher in S2 (1.29 + 0.56) than in
S1, S3 and S4 (0.01 £ 0.01; 0.10 £ 0.03 and 0.12; + 0.02, respectively). Dissolved
oxygen levels were lower in S3 and S4 (5.06 £ 3.39 and 2.65 + 1.10 mg/L,
respectively) than in S1 and S2 (11.84 £ 2.39 and 9.23 + 1.03 mg/L, respectively).
Total phosphorus levels were higher in S4 (0.65 + 0.01 mg/L), and gradually

decreases in S3, S1 and S2 (0.27 = 0.02 mg/L, 0.15 + 0.01 and 0.09 + 0.01 mg/L,
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respectively). Total nitrogen was higher in S4 (7.41 + 0.57) than in S1, S2 and S3
(0.26 £0.09 mg/L, 1.09 £ 0.02 and 1.19 + 1.11 mg/L, respectively).

The temperature of the water from P. caudimaculatus collection sites did not
oscillate too much, being slightly higher in S5 (14.20 £ 2.30 °c) than S7 (11.70 £
0.60° C) and equal to both locations in S6 (13.20 £ 0.30). The levels of pH did not
show significant differences among the sites, being around 6 (5.70 = 0.20, 6.60 £
0.10, 6.30 = 1.50 to S5, S6 and S7, respectively). Salinity also did not vary
drastically, being sligty lower at S7 and S5 (0.008 £+ 0.010 and 0.010 = 0.010 and,
respectively) than in S6 (0.030 £ 0.010). As for dissolved oxygen levels, S6 showed
the lowest level (2.90 + 3.30 mg/L) when compared to S7 and S5 (6.90 + 2.20 and

7.50 + 2.80 mg/L, respectively).

3.2. Levels of CYP1A in Jenynsia multidentata and Phalloceros caudimaculatus

collected around the Estuary of Patos Lagoon

Transcriptional levels of CYP1A in J. multidentata and P. caudimaculatus
from different collection sites are shown in Figures 2 and 3, respectively. In the gills
of J. multidentata, the highest transcriptional level of CYP1A was recorded in the fish
from the contaminated location S4, being 3 times higher compared to fish from the
reference site S1. In the liver, CYP1A expression in fish from the impacted sites S3
and S4 was near twice that of fish from S1. A transcriptional level of CYP1A in the
gonopodium of fish from S2 was 17 times greater than in the fish from the reference
site S1.

Specimens of P. caudimaculatus from the site S6, located near the
petrochemical center, showed higher levels of CYP1A in gills, liver and gonopodia

than those from the reference site S5 (around 5, 6 and 4 times, respectively; p <
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0.05). Gills and livers of fish from S7, located in the industrial complex, also showed

levels of CYP1A twice higher than those from the reference site S5 (p < 0.05).

3.3. Evaluation of the refractory response of CYP1A in Jenynsia multidentata

The exposure of J. multidentata from the four sites to 1 uM of BNF for 24
hours in laboratory, caused induction of CYP1A in all organs of the exposed groups
compared to their respective controls, except for the liver of fish from site S4 (Figure
4). Despite the lack of induction in the liver, fish from this location presented
significant induction of CYP1A by BNF in gills and gonopodium. The CYP1A
induction to BNF in relation to their respective controls, were around 59-111 fold in
gills, 30-59 fold in livers and 28-74 fold in gonopodium, except for liver of fish from

site S4, where no CYP1A induction was observed.

4. Discussion

The two species of Cyprrinodontiformes analyzed in this study, J.
multidentata and P. caudimaculatus, are still little explored in environmental
toxicology studies, although they present favorable characteristics to field and
laboratory studies, such as tolerance to salinity and temperature oscillations and
ability to live in impacted environments with low oxygen availability (Hued and
Bistoni, 2005; Mai et al., 2005; Wolff et al., 2007; Araujo et al., 2009). These species
are representative in South American countries; J. multidentata occurs from Rio
Negro, Argentina, to Rio de Janeiro State, Brazil (Ghedotti and Weitzman, 1998,
1998); P. caudimaculatus were registered in South and Southeast regions of Brazil
and in coastal drainages of Uruguay and Argentina (Bisazza, 1993; Lucinda, 2008).

In this study, important informations were found regarding the use of these species in
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ecotoxicological studies, in addition to explore adaptation developed by South

American Cyprinodontiformes exposed to organic contamination.

4.1. CYP1A expression in Jenynsia multidentata and Phalloceros caudimaculatus in

relation to the collection sites

Studies with water monitoring programs demonstrated that water pollution is
harmful not only to the water intended for human consumption, but it also interferes
on the health of living organisms in aquatic ecosystems (Contardo-Jara et al., 2009;
Rola et al., 2012). As in most water bodies of Latin America, the Patos Lagoon
Estuary receives pollutants with complex composition from different sources of
contamination such as organic substances, discharges of poorly treated sewage and
industrial waste (Medeiros et al., 2005; Luz et al., 2010).

In our study, the physical and chemical parameters of the water such as pH,
salinity and temperature, indicate that the two species live in similar abiotic
conditions and that the variations found in the responses of CYP1A were probably
caused by the presence of contaminants of human origin and not by the variation of
those parameters. Among the collection sites of J. multidentata, S3 and S4 were the
most impacted with the highest levels of CYP1A transcription when compared with
the less impacted sites S1 and S2. A study with J. multidentata in Cdrdoba,
Argentina, showed that the sites contaminated by industrial and/or domestic effluents
with dissolved oxygen levels between 5.1 and 7.1 mg/L influence on cypl9alb gene
expression in the brain of fish (Guyodn et al., 2012). Although this study uses another
gene, it is likely that the environmental characteristics of the sampling sites also

influence the expression of CYP1A in wild J. multidentata.
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Most water quality indexes, such as the Canadian Council of Ministers of the
Environment Water Quality Index (CCME WQI), the Oregon Water Quality Index
(OWQI) and the NSF Water Quality Index (NSF IQA) are calculated with a
combination of some physical and chemical parameters (Akkoyunlu and Akiner,
2012). As the present study evaluated the raw value data of each parameter, it was
not possible to establish a comparison between our results and those international
standards. The National Environment Council, responsible for the classification of
Brazilian waters (CONAMA 357/2005), establishes that the levels of dissolved
oxygen should not be lower than 5 mg/L in shallow freshwater bodies and
recommends total phosphorus levels of up to 0.030 mg/L and total nitrogen of up to
3.7 mg/L for waters with pH below 7.5. The levels found in S3 show that the
environmental conditions in this site are near those required by Brazilian law.
However, S4 presented lower levels of dissolved oxygen and total phosphorus and
nitrogen levels higher than those recommended.

The levels of dissolved oxygen in S3 and S4 were also below those
recommended by the water quality Index adopted in China (EQSSW), which
establishes levels between 7.5 and 6 mg/L as vital for the maintenance of aquatic life
in waters where spawning and growth of animals occur (Ban et al., 2014). The Patos
Lagoon Estuary is considered a nursery for several coastal species that begin their
life cycle in the estuarine region and then migrate to the Atlantic Ocean (Tagliari et
al., 2003). The results obtained for the dissolved oxygen in S3 and S4 are indicative
of contamination by domestic sewage and organic source contaminants, since
eutrophic or highly polluted waters consume a great amount of oxygen due to the
decomposition of organic matter (Ban et al., 2014). Thus, low levels of dissolved

oxygen may harm aquatic organisms that are not adapted to live under these
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conditions and that rely exclusively on these regions for spawning and growth
(Affonso et al., 2011).

In addition to dissolved oxygen, total phosphorus and total nitrogen levels
were above those recommended by the Chinese index, which range from 0.01 to
0.025 mg/L and from 0.2 to 0.5 mg/L, respectively (Ban et al., 2014). Phosphorus
and nitrogen in natural water bodies are good indicators of water pollution because
they show the occurrence of anthropogenic sources of contamination, mainly caused
by discharge of sewage and to a lesser extent by effluents from chemical industries
and agricultural drainage activities (Guo and Li, 2003; Ban et al., 2014; Li et al.,
2014). In this way, the high expression of CYP1A registered in the livers of fish from
S3 is probably due to the presence of xenobiotics from domestic effluents, since it is
located far from the city's industrial complex but inserted in the residential area of
Cassino beach, where sewage treatment is considered precarious and incipient
(Calliari et al., 2010).

The S4 site is situated in the center of Rio Grande city and connected directly
to the estuary of the Patos Lagoon (Santos et al., 2008). The contamination in this
region has already been documented in studies of water analysis, which showed high
levels of nutrients such as phosphorus, nitrate and nitrite in function of the
accumulation of chemicals from fertilizer factories present in this region, in addition
to high concentration of Escherichia coli, indicating domestic sources of
contamination (Mirlean et al., 2002; Santos et al., 2008; Niencheski e Baumgarten,
2010). Sediment analyses also revealed a high concentration of arsenic in sediments
of the estuary of Patos Lagoon, probably due to the fertilizer industries (Mirlean et

al., 2003). In this way, the high CYP1A expression in gills and livers of fish from this

57



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

population is probably caused by the contamination of water with a complex mixture
of contaminants.

Fish from the location S2 showed high levels of CYP1A expression in
gonopodia when compared to fish from other locations. This result was not expected,
since S2 is located in an area that is far from human activities that could potentially
pollute Cassino beach and there was no evidence of contamination based on the
water parameters evaluated. Probably, the greatest expression of CYP1A in S2
occurred due to the difference in the age of the fishes collected, since younger
animals have an immature or maturing gonopodium, which could cause different
patterns of expression in the gonopodia of fish from that site (Ogino et al., 2004;
Rahayu et al., 2013).

High CYP1A expression levels were registered in all organs of P.
caudimaculatus from S6. Fish from S7 also presented higher CYP1A expression in
liver and gill than fish from S5. S7 is located in the industrial complex of the city of
Rio Grande, which is an area of intense vehicular traffic near fertilizer industries.
The contamination of the water from S7 was not confirmed by the low level of
dissolved oxygen, but the increased expression in fish organs from this site are
probably due to the contamination by PAHs. PAHs can also be produced in the
atmosphere as by-products of incomplete combustion of fossil fuels, or by pyrolysis
of organic material from fertilizer industries, which happens close to S7 (Mirlean,
2002; Macdonald et al., 2005).

The site S6, located outside of an oil refinery, presented the lowest levels of
dissolved oxygen, significantly lower than all sites evaluated, including the locations
where J. multidentata was collected. The low dissolved oxygen levels indicate that

this site is subjected to contamination (Ban et al., 2014), and that it is probably the
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most impacted among all sites evaluated. According to Ban et al. (2004) water from
industrial regions have dissolved oxygen levels of at least 3 mg/L, which is above the
level found at S6. High levels of CYP1A in liver of fish exposed to punctual
contaminations from an oil refinery were also registered in a population of F.
heteroclitus adapted to conditions similar to those of the population from S6
(Loughery et al., 2014). The contamination of waters surrounding oil refineries has
been previously demonstrated through the presence of high concentration of grease
and oil in this region (Niencheski e Baumgarten, 2010). In addition, sediment
samples from that location indicate the oil refinery as one main responsible for the
presence of anthropogenic PAHSs in the city of Rio Grande (Medeiros et al., 2005).
This high concentration of PAHSs in the region is the possible cause of the high level
of CYP1A expressed in all organs of the fish population, which were probably
subjected to a chronic contamination by PAHSs.

The ability of CYP1A expression in fish gonopodium of J. multidentata and
P. caudimaculatus from all collection sites suggests that this organ can be used in
biomonitoring studies. In P. caudimaculatus, the gonopodium collected did not
present sampling problems as recorded in specimens of J. multidentata from S2,
showing a similar expression pattern to classic organs like gills and liver in all sites
evaluated. According to Aranha and Caramaschi (1999), male juveniles of P.
caudimaculatus have total length of up to 2 cm and a developing gonopodium.
Although the size of the animals collected was less than 2 cm (1.78 cm), it is
assumed that the juveniles of this species are also capable of expressing the CYP1A
gene. The CYPL1A expression in this organ is probably due to their epithelial
constitution and external location, which contributes to the interaction of the

contaminant with the tissue (Rahayu et al., 2013). The analysis of gonopodium
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biomarkers, as well as other fins, can serve as a non-lethal alternative to the use of
these fish as biomonitors, since this organ has an efficient capacity of regeneration
(Salomao and Sawaya, 1988; Rahayu et al, 2013). Subsequent studies are necessary
to standardize the biopsy procedures in order to promote tissue regeneration and not
compromise animal health and welfare.

The results of the CYP1A expression in J. multidentata and P.
caudimaculatus, combined with the evaluation of physico-chemical parameters of
the water, show that the most contaminated sites were S4 and S6. The causes of this
pollution confirm the main environmental problems registered in the surroundings of
Patos Lagoon Estuary, including contamination by domestic sewage, registered in
S4, and contamination by PAHSs, as described for S6. This contamination is the result
of various anthropogenic factors, such as the disposal of industrial and domestic
effluents, inappropriate waste disposal and activities of refining and distribution of
petroleum (Marlean et al., 2003; Medeiros et al., 2005, Niencheski et al., 2006;

Spengler et al., 2007; Niencheski et al., 2010).

4.2. Evaluation of the refractory response of CYP1A in Jenynsia multidentata

The resistance to pollution, observed in some fish populations that inhabit
highly impacted sites, is being studied in order to understand basic mechanisms in
toxicology (Bello et al., 2001; Wirgin and Waldman, 2004). These mechanisms are
not yet completely understood, though it is known that certain populations of fish
have developed a pattern of hereditary resistance and that the suppression of genes
can occur in CYP1A and in other genes that are under the control of the AHRs (Nacci
et al., 2010; Whitehead et al., 2010). Most studies investigating the refractory

response of CYP1A focus on the Cyprinodontiform species Fundulus heteroclitus
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(Wills et al., 2009; Williams e Oleksiak, 2011), but studies with other species of fish,
including species of commercial value, are also being recently conducted (Wirgin et
al., 2011; Oziolor et al., 2014; Doering et al., 2014).

In this study with J. multidentata, the absence of CYP1A induction was found
at the site of collection with the highest percentage of contamination registered, as
described in other species of fish adapted to living in highly impacted sites
(Oleksiak, 2008; Wills et al., 2009). Refractory CYP1A responses were organ-
specific, being observed only in the liver of the S4 fish population and not in gill and
gonopodium. Bello et al. (2001) demonstrated, through CYP1A protein levels and
EROD activity, that the occurrence of refractory response in F. heteroclitus also
occurred in extrahepatic tissues. However, studies involving the organ-specific
comparison regarding the suppression of genes are not common and studies with
South American Cyprinodontiformes are nonexistent.

Another study suggested that the recalcitrant response in F. heteroclitus could
be caused by DNA methylation in the promoter region of AHR gene. However,
significant differences were not recorded between susceptible populations and those
adapted to contamination (Timme-Laragy et al., 2005). Aluro et al. (2011) did not
register population differences as for methylation, but suggested that this may be
related with the tissue and with the isoform of AHR. According to this study, the
transcriptional level of AHR1 receptor was higher in the brain than in the liver of two
populations evaluated (sensitive and adapted to contamination). However, the
receptor AHR2 presented a higher expression pattern than AHR1 in both organs,
which was 22 times greater in the liver. This suggests that the recalcitrant response

found only in the liver of J. multidentata can be related to the AHR2 isoform and,
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similarly to what occurs in F. heteroclitus, this isoform of AHR is more expressed in
the liver than in other organs.

In addition, Wirgin et al. (2011) evaluated Microgadus tomcod populations
and pointed out that the resistance of this species for contamination by PCBs and
TCDDs is based on the deletion of six nucleotides of AHR2 (nucleotides 1314 to
1319 in exon 10; TTCCTC), which suggests that this receptor is responsible for
acquired resistance to contamination in this species. Another study with F.
heteroclitus demonstrated that AHR2 was the primary mediator in BNF, BKF and
PCB-126-induced cardiac teratogenesis, which demonstrates that the adaptive
mechanism developed by F. heteroclitus is probably in the AHR2 isoform and not
AHR1 (Clark et al., 2010). These studies reinforce our hypothesis that the
contamination resistance mechanisms developed by the population from S4 are
dependent on AHR2, since this is the isoform responsible for numerous processes
involving the adaptation to contaminants in different species of fish.

Thus, it is suggested that the occurrence of refractory response in J.
multidentata involves adaptation mechanisms partly similar to those seen in F.
heteroclitus and other fish species in North America (Aluro et al., 2011; Wirgin et
al.,, 2011). Furthermore, it is likely that the recalcitrant phenotype of CYP1A
developed by F. heteroclitus adapted to contamination is similar for all species of
fish that live in contaminated environments, and not a specific phenotype of each
population exposed to a certain class of contaminant.

It should be pointed out that the water pollution in S4 is characterized by a
complex mixture of contaminants, particularly by domestic sewage, and not point
sources of contamination, which may have hindered the occurrence of refractory

response in other organs. In addition, other mechanisms that are independent of the
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AHR receptor may be involved in J. multidentata resistance to contamination. This
was the first study to investigate the occurrence of refractory response in South
American Cyprinodontiformes, though subsequent studies are needed to understand

the mechanisms involved in this response.

5. Conclusions

In this study, the effects of environmental contamination on CYP1A
biomarker levels in different populations of J. multidentata and P. caudimaculatus
suggest the use of these two species as model organisms for the study of molecular
mechanisms involved in the adaptation of certain populations to environmental
contamination. In addition, we registered the occurrence of refractory response in J.
multidentata livers, but not in other organs, suggesting that adaptive mechanisms in
the South American Cyprinodontiformes are partly similar to those observed in fish
species from North America. Subsequent studies should be performed with other
populations and species of fish native to South America to understand basic
toxicologic mechanisms. This study provides important data about the adaptation
developed by fish in Southern Brazil, and also suggests the application of CYP1A
biomarker in South American guppies for monitoring studies of environmental

contamination.
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821  Fig. 1. Sampling sites of Jenynsia multidentata (S1, S2, S3 and S4) and Phalloceros
822  caudimaculatus (S5, S6 and S7) in the city of Rio Grande, in the Estuary of Patos
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multidentata sampled at four sites in the city of Rio Grande, in the Estuary of Patos
Lagoon, RS, Brazil. Equal letters over the bars indicate significant similar groups,
and numbers indicate fold induction compared with the Site 1 (S1), the less
urbanized area. Significant differences were observed between groups using one-way

ANOVA, followed by Tukey-HSD (p < 0.05).
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the petrochemical complex. Significant differences were observed between groups
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Tables article

Table 1. Characteristics and location of the sampling sites of Jenynsia multidentata
and Phalloceros caudimaculatus in the city of Rio Grande, in the Estuary of Patos

Lagoon, RS, Brazil.

Collection site Characteristics Geographic coordinates
Site 1 (S1) Washout ~ 22 km away from the 32°33°32.48”S, 52°23°54.59"W
urban area of Cassino Beach.
Site 2 (S2) Washout ~ 1 km away from the 32°10°30.817’S, 52°08°22.77"W

urban area of Cassino Beach.
Site 3 (S3) Washout located in the urban area  32°10°47.91”’S, 52°08°52.00”"W
of Cassino Beach.
Site 4 (S4) Artificial channel located in the Rio  32°01°49.35”S, 52°06°31.15”W
Grande downtown.

Site 5 (S5) Arroyo distant ~ 15 km from the 32°06°17.50”’S, 52°10°52.60”W
petrochemical pole.

Site 6 (S6) Channel located in the 32°02°56.48”S, 52°05°06.98”W
petrochemical pole.

Site 7 (S7) Channel ~ 11 km away from the 32°08°03.56S, 52°08°12.62”W

petrochemical pole.

Table 2. Temperature, pH, salinity, dissolved oxygen, total phosphorus and total
nitrogen in the four Jenynsia multidentata sampling sites. Values are the means and
standard deviations of each parameter evaluated respectively. Different letters
indicate significant difference between the locations determined by one-way

ANOVA and Fischer LSD test (p < 0.05).

Parameter Site 1 Site 2 Site 3 Site 4
Temperature (°C) 1641+061%  17.44+035°  1765+012°  19.75+0.04°
pH 6.49 + 1.09 6.86 +0.70 6.77+0.21 2 7.18+0.05 2
Salinity 0.010+0010% 1.290+0560° 0.100+0.030% 0.120+0.020°
Dissolved Oxigen (mg/L) 11.84+239° 9.23+1.032 5.06+3.39" 265+1.10°"
Total Phosphorus (mg/L) 0.15+0.01° 0.09+0.01" 0.27+0.02 0.65+0.01°
Total Nitrogen (mg/L) 0.26 +0.09 ° 1.09+0.022 119+1112 7.41+057°
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Table 3. Results obtained for temperature, pH, salinity and dissolved oxygen, three

Phalloceros caudimaculatus sampling sites. The values correspond to averages and

standard deviations of each parameter evaluated, different letters indicate significant

differences between sites, determined by one-way ANOVA test and Fischer-LSD (p

< 0.05).
Parameter Site 5 Site 6 Site 7
Temperature (°C) 1420+230% 1320+030%  11.70+060°
pH 5.70+0.20 % 6.60+0.10 % 6.30+1.50 %
Salinity 0.010+0.010% 0.030+0.010° 0.008 +0.010?
Dissolved Oxigen (mg/L) 7.50+2.80 2 290+330°" 6.90+2.20

Table 4. Forward (F) and reverse (R) primers to g-actin and CYP1A used in qPCR

analysis for Jenynsia multidentata (Jm) and Phalloceros caudimaculatus (Pc).

Primer name Sequence (5°-3°)

Comment

Jn_CYP1A_gPCR_F  CATGGGCAGTGATGTACCTTGTGG
Jm_CYP1A gPCR R GGAGTTCGATCCAGACCAATTTGC
Jm_p-Actin PCR_F  AAAGCCAACAGGGAGAAGATGAC
Jm_p-Actin_gPCR_R GCCTGGATGGCAACGTACA

Pc_ CYPIA gPCR_F  GAGGACCGGAAGCTGGATGAGAA
Pc CYPIA_gPCR_ R GCCCATGACAAACCAGTAGAGATGG
Pc B-Actin JPCR R  ATGTACGTTGCCATCCAGGCCGT
Pc_p-Actin PCR_F  ACCATCACCGGAGTCCATGACGA

CYP1A
CYP1A
S-Actin
S-Actin
CYP1A
CYP1A
B-Actin
pS-Actin
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