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Resumo

As planarias sao organismos de escolha para a realizacdo de uma ampla gama de estudos
basicos, abrangendo desde aspectos ecotoxicolégicos até abordagens de biologia celular e
molecular. Isso se deve, especialmente, a capacidade extraordinaria de regeneracao desses
organismos e a presenga de células-tronco somaticas (neoblastos) no adulto. Portanto, a
disponibilizagao de espécies e linhagens de planarias com caracteristicas fisiolégicas bem
definidas é fundamental. As espécies Girardia tigrina e Girardia schubarti, nativas do Rio
Grande do Sul, foram estudadas quanto ao modo de reproducéo, ciclo de vida, capacidade
de regeneracao e a suscetibilidade a agentes toxicos e mutagénicos. Em ambas as espécies,
o modo de reprodugdo correlaciona-se com a ploidia; individuos dipléides sdo geralmente
sexuados, e os individuos tripldides e mixopléides sdo exclusivamente fissiparitarios.
Planarias fissiparitarias geram um numero menor de descentes e sdo mais longevas do que
as sexuadas. A freqléncia de reproducao sexuada e a longevidade em ambas as espécies
sofrem influéncia das condigcdes ambientais, mas alteragées no ambiente ndo levam a trocas
entre os modos de reproducdo sexuada e assexuada. G. tigrina e G. schubarti apresentam
capacidades similares de regeneracdo e suscetibilidades a agentes clastogénicos. Assim,
ambas as espécies permitem avaliacdes da toxicidade aguda e/ou crénica de amostras de
interesse através de bioensaios de mortalidade/mobilidade, de regeneracao, de micronucleos
e de reproducédo. Tais ensaios foram padronizados para a avaliacdo dos efeitos da exposicéao
de G. tigrina a soluc¢des de sulfato de cobre. Portanto, este trabalho disponibilizou um sistema
padronizado de bioensaios rapidos, sensiveis e baratos para biomonitoramento ambiental dos
ecossistemas de agua doce. Além disso, os resultados obtidos forneceram subsidios para
estudos dos mecanismos de manutencdo de neoblastos, 0s quais sao diretamente

responsaveis pela regeneracao, pela homeostase dos tecidos e pela reproducgao.



Abstract

Planarians are choice organisms used in a wide series of basic studies including both
ecotoxicology aspects and cellular and molecular approach. It is especially due to its
extraordinary regeneration capacity and to the presence of somatic stem cell (neoblasts) in
adult organisms. Therefore, the availability of species and lineage with well known
physiological characteristics is fundamental. The species Girardia tigrina e Girardia schubarti,
native from Rio Grande do Sul State, Brazil, were studied as to the reproductive modes, life
cycle, regenerative capacity and toxicity, and susceptibility to teratogenic and mutagenic
agents. In both species, there was inter-relation between reproductive mode and ploidy.
Diploid individuals were usually sexual and triploid, and mixoploid individuals were exclusively
fissiparous. Fissiparous planarians produce smaller number of descendents, and show longer
lifespan than sexual planarians. In both species the reproduction sexual frequency and the
longevity undergo influence of the environmental conditions; nevertheless, environmental
changes do not lead to the switching from sexual to asexual reproduction. G. tigrina and G.
schubarti species show similar regeneration capacity and clastogenic agent susceptibility.
Thus, both species allow assessment of acute and/or chronic toxicity of choice samples by
lethality/mobility, regeneration, micronuclei, and reproduction bioassays. Such assays were
standardized for assessment of effects of G. tigrina exposure to copper sulfate solutions. In
addition, this work provided a rapid, sensitive and expensive standardized bioassay system for
environmental biomonitoring of freshwater ecosystems, based on native organisms from Rio
Grande do Sul State. Besides, the obtained results provide bases for further studies on the
neoblast maintenance mechanisms, which are directly responsible for regeneration,
homeostasis of all tissue and reproduction.



1. Introducao
1.1  Sistematica, habitat e nicho ecoldgico de G. tigrina e G. schubarti

O filo Platyhelminthes apresenta uma grande diversidade de organismos, que
gradualmente fazem uma transi¢do evolutiva entre organismos de vida livre a parasitos. Ele
é, portanto, um dos mais instrutivos em biologia funcional e evolutiva (RUPPERT et al., 2005).
Esse filo inclui vermes chatos tanto de vida livre (Classe Turbellaria), quanto ectoparasitas
(Classes Temnocephalidae) e parasitas (Classes Trematoda e Cestoda).

O nome planérias € genericamente aplicado aos membros da classe Turbellaria, que
sado predominantemente aquaticos, havendo poucos terrestres (SLUYS, 1989). As planarias
de agua doce (infraordem Paludicola) sdo habitantes de bentos de lagos, pocgas, riachos e

nascentes.

As planarias paludicolas que ocorrem na América do Sul pertencem a familia
Dugesiidae e ao género Girardia (VRIES & SLUYS,1991). As espécies de planarias que ja
foram coletadas no Rio Grande do Sul sdo Girardia (Cura) schubarti (MARCUS, 1946),
Girardia tigrina (GIRARD, 1850), Girardia anderlani (KAWAKATSU et al., 1983), Girardia
uroriograndeana (KAWAKATSU et al., 1992), Girardia arndti (MARCUS, 1946) e Girardia
biapertura (SLUYS et al., 1997). As duas primeiras espécies, objetos de estudo desta tese,

sao as relativamente mais abundandes e conhecidas.

As espécies G. tigrina e G. schubarti sao organismos livre-nadantes e habitantes de
ecossistemas paludicolas Iénticos (lagos e lagoas) e Iéticos (nascentes de rios e riachos),
respectivamente (KNAKIEVICZ et al., 2007). Assim, as espécies de planarias possuem micro-
habitats especificos, o que pode levar a diferencas em sua distribuicdo geogréafica, como
pode ser observado para a distribuicdo de G. tigrina e G. schubarti no Rio Grande do Sul (ver
Figura 1).
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Figura 1. Distribuicdo geografica e cariétipos de planarias paludicolas no Estado do Rio Grande do Sul, Brasil.
Os pontos e setas indicam onde planarias dipl6ides e polipléides (tripléides ou mixopléides) foram encontradas,
respectivamente. (a) Regides morfogeoldgicas do Rio Grande do Sul. Ocorréncia de planarias da espécie G.
schubari (b) e G.tigrina (c). Cariétipos 2n e 3n da espécie G. schubarti (d,e,); da espécie G. tigrina (f,9)
respectivamente (modificado de KNAKIEVICZ et al., 2007).

Planarias sdo organismos de ciclo de vida simples, os quais sofrem influéncias das
condicdes de alimentacdo, do tamanho populacional (KOSTELECKY et al, 1989), das
estacdes do ano (GAMO & NORENA-JANSSEM, 1998) e da assimilacdo de poluentes
(INDEHERBERG et al.,, 1999). As planarias sdo predadores de pequenos invertebrados e
larvas de insetos, detritivoros e servem de alimento a invertebrados e vertebrados
predadores; portanto, ocupam diversos niveis da teia alimentar. Devido a essas
caracteristicas, planarias sdo bons candidatos a organismo-teste nativo alternativo para o uso

no monitoramento da polui¢cdo aquatica.

1.2  Caracteristicas anatémicas e fisiologicas gerais das planarias

Planarias sdo animais pequenos, achatados dorso-ventralmente, bilateralmente
simétricos e acelomados, que tém o corpo coberto por uma epiderme unilaminar, ciliada e
glandular (RUPPERT et al, 2005). Nao apresentam sistema circulatério, mas possuem
protonefridios para a secre¢do e musculatura bem desenvolvida. O sistema nervoso central

(SNC) é composto por um cérebro bilobular na regido anterior do animal e por dois corddes
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ventrais longitudinais (AGATA, et al., 1998), com varias fungbes e dominios estruturais
definidos molecularmente (MINETA et al., 2003, CEBRIA et al., 2002) que correspondem aos
fotorreceptores (ocelos), estatocistos (receptores de gravidade) e quimiorreceptores
(auriculas, usadas na localizacdo de alimentos e de parceiros sexuais). O cérebro participa
do controle da reproducdo sexuada (FAIRWEATHER & SKUCE, 1995), da reproducao
assexuada (MORITA & BEST, 1984) e da regeneracao (MARTELLY & FRANQUINET, 1984).

Nas planarias, a cavidade digestiva € geralmente de fundo cego, sendo a boca,
equipada com uma faringe protraivel, usada tanto para ingestdo quanto para egestdo
(RUPPERT et al,, 2005). Esses organismos sao principalmente carnivoros e predam
invertebrados (protozodrios, rotiferos, larvas de insetos, crustaceos, lesmas e anelideos).
Enzimas proteoliticas auxiliam na perfuragdo do corpo da presa, e o conteudo parcialmente
digerido e liquefeito € bombeado para o interior do trato digestivo pela peristalse faringea. As
planarias liberam o excesso de agua e, provavelmente, outros residuos metabdlicos usando

os protonefridios, que estao espalhados por todo o corpo.
1.2.1 Reproducao e desenvolvimento

Muitas espécies de planarias consistem de racas distintas, cuja definicdo esta
tipicamente associada ao nivel de ploidia e ao modo de reproducao (D'SOUZA et al., 2004).
Por exemplo, a espécie G. tigrina consiste de individuos dipldides (2n = 16) e tripldides (3n =
24), enquanto G. schubarti pode consistir de individuos simpatricos dipléides (2n = 8),
tripl6ides (3n = 12) e mixopldides (2n = 8 e 3n = 12) (ver Figura 1). Geralmente, individuos
dipldides sao sexuados e os polipldides (tripléides e mixopldides) sdo assexuados
(STORHAS et al., 2000).

Quando sexuadas, as plandrias sdo hermafroditas e reproduzem-se por cépula
simultanea e fecundacgao interna (RUPPERT et al., 2005). Companheiros de cépula trocam
quantidades similares de esperma, e esse fato pode ajudar a explicar o estabelecimento e
manutencado do hermafrodismo, pois machos ou fémeas puras poderiam ser desvantajosos
ou deficientes em uma populagdo onde os acasalamentos dependem da reciprocidade
(VREYS & MICHIELS, 1998). O desenvolvimento dos ovos fecundados ¢é direto, e estes ovos,
juntamente com goticulas de vitelo, sdo envolvidos por uma céapsula (RUPPERT et al., 2005).
Por serem animais pequenos, produzem poucos casulos (capsulas de ovos), que contém

também poucos filhotes (de 3 a 15) e sdo cuidadosamente fixados em rochas. Ha uma
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correlagdo positiva entre o tamanho dos casulos e o numero de filhotes, mas a correlagao é

negativa entre o numero e o tamanho dos filhotes em uma mesma capsula (PREZA, 1995).

Quando assexuadas, as planarias podem ser partenogénicas ou fissiparitarias
(RUPPERT et al., 2005). Individuos partenogénicos geram filhotes a partir de évulos nao
fecundados; no entanto, sdo dependentes da coOpula, pois os évulos partenogenéticos
necessitam dos espermatozdides para a indugao do desenvolvimento embrionario (D"SOUZA
et al., 2004). Planarias fissiparitarias, em geral, dividem-se em duas partes e entdo
regeneram as partes faltantes ap6s a separacdo, em um processo conhecido como
arquitomia. O plano de fissdo, com frequéncia, se forma atrds da faringe, e a separacao
parece depender da locomogao: a extremidade posterior do verme prende-se ao substrato,
ao passo que a metade anterior continua a se mover para a frente, até que as regides se
separem. Sao conhecidos muitos fatores que controlam a freqiéncia de fissao, incluindo a
temperatura da agua, as condi¢cdes de alimentacdo e o ritmo circadiano (HORI & KISHIDA,
1998; ITOH et al., 1999). Nos metazoas, a correlagdo entre a ocorréncia de fissiparidade e de
regeneracao pode sugerir que esses processos surgiram juntos, ou seja, a regeneragao
poderia ser uma co-opgéo dos mecanismos de fissiparidade (SANCHEZ ALVARADO, 2000).

1.2.2 Regeneracao

A regeneracao é um dos mais fascinantes e interessantes problemas da biologia, pois
esta correlacionada com o desenvolvimento, isto €, aos processos de proliferagdo celular,
morfogénese e organogénese (SANCHEZ ALVARADO, 2000). Quase todos os filos possuem
uma ou varias espécies capazes de regenerar. A ampla variedade e as distancias evolutivas
que existem entre os animais capazes de realizar a regeneragao de partes perdidas do corpo
e, em alguns casos, de regenerar todo 0 organismo a partir de distintas partes de seu corpo,

sao realmente surpreendentes.

As estratégias que cada animal utiliza para a regeneracdo sdo questdes de grande
interesse da pesquisa contemporanea. A regenerac¢ao nos Metazoa pode ser classificada em
morfalaxia e epimorfose. No primeiro caso, a diferenciacdo de novas estruturas no
regenerante surge na auséncia de proliferagdo celular, como, por exemplo, em hidras
(HOLSTEIN et al, 1991). No segundo caso, ha exigéncia de proliferacdo celular. A
regeneracao epimoérfica esta dividida em duas categorias: a regeneragdo nao-baseada no

blastema (regeneracdo de anfibios e do figado e ossos humanos) e a regeneracao baseada
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no blastema (regeneracéo de planarias) (SANCHEZ ALVARADO, 2000).

A regeneracao blastemal envolve a formagdo de uma estrutura especializada,
conhecida como blastema de regeneracgéo, pela interagdo dorso-ventral de tecidos durante o
fechamento da ferida por contragdes musculares (KATO et al., 1999). Essa estrutura € similar
em forma e organizacdo aos brotos embrioldégicos dos membros durante a embriogénese de
invertebrados e vertebrados (SANCHEZ ALVARADO, 2000). Dependendo do organismo, o
blastema de regeneracdo pode formar-se horas apdés a amputacdo ou ferimento. As partes
perdidas sdo regeneradas a partir da diferenciacdo do blastema, como ocorre em planarias,
moluscos, equinodermos e urocordatos e na regeneracdo de membros ou caudas de
vertebrados. Essa similaridade observada entre blastemas de diversos metazoarios pode ser

explicada pela origem ancestral comum dos processos de regeneracao.

As planérias apresentam capacidade de regeneracdo sem paralelo, exibindo uma
plasticidade excepcional no desenvolvimento, que permite que se regenerem completamente
quando cortadas transversal ou longitudinalmente, ou em pequenos fragmentos, que podem
ter apenas 1/279 do tamanho de seu corpo (MORGAN, 1898). Quando uma planaria é
cortada, a regido do corte é rapidamente fechada por contracées musculares (SCHUMANN &
PETER, 1998). Como conseqiéncia, a parte dorsal adere-se a parte ventral induzindo a
expressao de genes especificos que sinalizardo a formacdo do blastema (epimorfose)
(INOUE et al., 2004). No blastema ndo ocorrem divisdes celulares, somente migracdo da
progénie dos neoblastos do mesénquima (REDDIEN et al., 2005). No blastema, entéo, essas
células diferenciam-se em células especificas, utilizando-se das informagdes posicionais
relativas do fragmento de origem (REDDIEN & SANCHEZ ALVARADO, 2004). As estruturas
interpoladas formadas na regido blastema/toco também coordenam a produg¢do de sinais
moleculares para o rearranjo dos padrdes do corpo (morfalaxia), através da repadronizacao
da expressdo dos genes Hox ao longo do eixo dorso-ventral e do eixo antero-posterior no
novo organismo (INOUE et al., 2004). Além do fechamento da ferida, a participacao ativa do

sistema nervoso € importante para a formagéao bem sucedida do blastema (AGATA, 2002).

Recentemente, a investigagdo dos processos moleculares de diferenciagdo em
planarias tem sido intensificada (ver, por exemplo, GONZALEZ-ESTEVEZ et al., 2003;
REDDIEN et al., 2005a; GUO et al., 2006), mas ha ainda muitas questdes nao esclarecidas.
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1.2.3 Neoblastos

Uma caracteristica fundamental das planarias é a presenca de uma populacédo
relativamente grande (20 a 30% do numero total de células) de células-tronco conhecidas
como neoblastos (BAGUNA et al, 1989). Os neoblastos sdo células pequenas e
indiferenciadas, com pouco citoplasma e nucleo proeminente (HORI & KISHIDA, 1998;
SCHUMANN & PETER, 2001). A importancia dos neoblastos na biologia dos turbelarios é
amplamente reconhecida. Eles sdo responsaveis pelo restabelecimento de todos os tipos
celulares durante o desenvolvimento e, nos adultos, sdo as unicas células mitoticamente
ativas, originando todos os tipos de células diferenciadas durante a reposicédo celular e a
regeneracdo (GSCHEWENTNER et al., 2001; REDDIEN et al., 2004), incluindo a linhagem
germinativa (SATO et al., 2006).

No adulto, os neoblastos parecem estar dividindo-se regularmente e nao permanecem
quiescentes por mais de trés dias (SANCHEZ ALVARADO, 2000). Entretanto, apés
alimentagdo ou corte, ha um rapido aumento na atividade mitética dos neoblastos (BAGUNA,
1974). Apesar do estado dindmico da renovagao celular de todos os tecidos, os neoblastos
localizam-se exclusivamente no mesénquima, um compartimento bem definido espacialmente
(SALVETTI et al.,, 2000). Apés proliferacdao, migram para outras regides (por exemplo, a
regido anterior aos fotorreceptores, originalmente sem neoblastos), onde se diferenciaram
para substituir células mortas (SANCHEZ ALVARADO, 2000; REDDIEN et al., 2005b).
Durante a regeneracdo, a proliferacdo celular esta restrita ao compartimento mesenquimal,

ocorrendo no blastema somente diferenciacdo celular (SALVETTI et al., 2000).

Essas carasteristicas contrastam diretamente com a falta de flexibilidade dos tecidos
de Caenorhabditis elegans e de Drosophila melanogaster, organismos-modelo para estudos
de desenvolvimento, que carecem de células-tronco somaticas. Assim, as planarias oferecem
uma excelente oportunidade para estudo tanto da biologia do desenvolvimento quanto, mais
especificamente, das células-tronco somaticas (SANCHEZ ALVARADO & KANG, 2005). O
estudo de células-tronco de planarias pode também servir como um modelo para as
investigacdes sobre células-tronco de organismos mais complexos, incluindo seres humanos.
Além disso, estudos genémicos em planarias podem contribuir para a biomedicina, devido a
dificuldade de manipulacdo experimental dos platielmintos parasitas, através da identificacéo
de genes especificos desse grupo, e assim colaborar na identificacdo de moléculas
canditadas a interacao terapéutica (SANCHEZ ALVARADO et al., 2002).
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1.3  Monitoramento Ambiental

O impacto ambiental pode ser definido como qualquer alteragdo das propriedades
fisicas, quimicas ou biolégicas do meio ambiente resultante de atividades humanas que,
direta ou indiretamente, afetem a saude, a segurangca e o bem-estar das populacdes
humanas; das atividades sociais e econémicas; da biota; das condi¢cdes estéticas e sanitarias
do ambiente e da qualidade dos recursos ambientais (Resolucdo do CONAMA n.? 01 de
23/01/86). A avaliag&do preliminar de riscos ecoldgicos € realizada através do monitoramento
ambiental preventivo dos ecossistemas em risco. Em funcdo da grande diversidade de
impactos ambientais sobre os ecossistemas aquaticos, o controle ambiental de riscos
ecoldgicos deve envolver uma abordagem integrada, através do monitoramento da qualidade
fisica, quimica e bioldgica da agua, bem como a avaliagao da qualidade estrutural de habitats
(GOULART & CALLISTO, 2003). Para atender a essa demanda, o uso de organismos
bioindicadores é recomendado. Bioindicador € todo e qualquer organismo, ou um conjunto de
organismos, que permite caracterizar o estado de um ecossistema e evidenciar tao
precocemente quanto possivel as modificagbes naturais ou provocadas neste
(NASCIMENTO, et al., 2006).

Nos ambientes aquaticos, vertebrados e invertebrados sao diretamente expostos ao
polutentes (VARGAS et al., 2001). Portanto, para o biomonitoramento desses ambientes,
recomenda-se a utilizacdo de espécies nativas, em um ndmero minimo de trés: um
representante dos produtores; um representante dos consumidores primarios e/ou
secundario; e um representante dos consumidores secundarios e/ou terciarios (ZAGATTO &
BERTOLETTI, 2006). O estudo ecolégico de invertebrados bentbnicos nativos, como
bioindicadores de qualidade de agua, é amplamente utilizado na Australia, nos Estados
Unidos, no Canada e em diversos paises da Europa. No entanto, a utilizacdo desses
organismos em estudos de impacto ambiental ainda € incipiente no Brasil (menos de 20

anos).
1.3.1 Testes de toxicidade ambiental

Os ensaios de toxicidade desenvolvidos em laboratorios sdo Uteis e necessarios para
a caracterizagdo de amostras ambientais, embora diversos fatores possam afetar os
resultados. Por exemplo, pode haver divergéncias relacionadas aos procedimentos

experimentais, aos organismos-teste utilizados ou a fatores ambientais. Assim, a utilizacdo de
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métodos padronizados é recomendada para minimizar as variabilidades, melhorar a precisao
e a reprodutibilidade dos testes e permitir que os resultados gerados em diferentes
laboratérios possam ser comparados entre si (ARAGAO & ARAUJO, 2006). Além disso, a
escolha dos organismos e a interpretacdo dos resultados devem ser feitas criteriosamente.
Por exemplo, os resultados de ensaios de toxicidade com organismos aquaticos ndo podem
ser extrapolados para organismos de lodo, de solo ou marinhos. Diversos ensaios de
toxicidade ja foram desenvolvidos e padronizados, pois € necessaria a disponibilizacdo de
uma grande variedade de teste para que sejam atendidas as demandas especificas de cada
ambiente a ser monitorado. (ZAGATTO & BERTOLETTI, 2006).

1.3.2 O uso de planarias no monitoramento de impactos ambientais

As planarias sdo amplamente distribuidas em nascentes de rios, riachos, lagos e
lagoas (KNAKIEVICZ et al., 2007), biomas extremamente vulneraveis a degradagéo antropica
(SALA et al., 2000), as quais sdo sensiveis tanto a poluicdo organica (BEST & MORITA,
1991) quanto &s modificacdes estruturais dos ambientes (GAMO & NORENA-JANSSEM,
1998). Elas tém sido usadas como organismos-teste para deteccdo de poluicdo ambiental
deste 1940 (ERICHSEN JONES, 1940), e ja foi demonstrado, em diversas espécies de
planarias de diferentes partes do mundo, que s&o orgnismos sensiveis a inUmeros poluentes
ambientais, apresentando potencial para a deteccdo dos efeitos associados a exposicao a
agentes toxicos, teratogénicos e genotdxicos (BEST, & MORITA, 1991; CALEVRO et al,
1998, 1999; PRA et al., 2005). Assim, dentre os invertebrados bentonicos aquéticos, as
planarias permitem a avaliagdo do efeito dos poluentes através da analise de diferentes
bioensaios, 0s quais detectam efeito em distintos niveis da organizacao biolégica, tais como
molecular, celular, morfolégico e fisioldgico ou compartamental (BEST & MORITA, 1991,
CALEVRO et al, 1998, 1999, GUECHEVA et al., 2001), permitindo a obtencdo de
informagbes complementares a partir de diferentes biomarcadores sobre a toxicidade das

amostras avaliadas.

Dessa forma, as informacbGes acima sugerem que as planarias sao organismos
promissores para uso tanto como organismos-teste quanto como organismos bioindicadores
da qualidade dos ambientes aquaticos. Assim, planérias podem ser potencialmente Uteis na
ecotoxicologia, que busca integrar o monitoramento da toxicidade de poluentes com a

conservacao, visando garantir a manutencgao integral da saude dos ecossistemas.
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2. Objetivos

O filo Platyhelminthes apresenta uma composicao filogenética bastante interessante
para estudos de evolugdo comparada, entre outros, mas ainda carece de espécies-modelo
mais bem caracterizadas que viabilizem o estudo do desenvolvimento. Planarias surgem
como os platelmintos de vida livre de escolha para a realizacdo de uma ampla gama de
estudos basicos, abrangendo desde aspectos ecoldgicos até abordagens de biologia celular
e molecular. Esses organismos sido particularmente atrativos para a pesquisa cientifica, pois
apresentam grande capacidade de regeneragdo, a qual envolve processos similares aos
observados na embriogénese de vertebrados, tais como proliferacdo, diferenciacao e
migracao celulares, morfogénese e organogénese. Além disso, devido a sua sensibilidade a
poluentes ambientais, presta-se muito bem a estudos ecotoxicoldgicos. Contudo, para a
utilizacdo desses organismos como sistemas-modelo, tanto para estudos basicos de
desenvolvimento quanto para estudos aplicados de ecotoxicologia, ha necessidade da

disponibilizacdo de espécies e linhagens com prévia caracterizagao fisioldgica.

O uso de planarias em ecotoxicologia, como organismos bioindicadores, demanda
conhecimentos prévios sobre 0 seu comportamento na natureza e no laboratério (STOHLER
et al., 2004), bem como a identificagdo de marcadores de resposta biolégica, isto €,
biomarcadores que demonstram desvios da normalidade frente a poluentes ambientais ou
compostos especificos (NASCIMENTO et al, 2006). Uma vez identificados, os
biomarcadores podem ser ferramentas Uteis para a caracterizacao de fendtipos, etapa
fundamental para a selecdo de individuos e populacbes com diferentes caracteristicas
fisiologicas, e para o estabelecimento de linhagens bem caracterizadas para estudos mais
refinados, em nivel celular e/ou molecular, por exemplo. O estabelecimento de linhagens de
planarias também pode contribuir para o aprimoramento de testes ecotoxicolégicos, uma vez

que tais linhagens sao candidatas promissoras ao biomonitoramento da poluicado ambiental.

Considerando os aspectos mencionados acima, o presente trabalho teve por objetivo
principal caracterizar populagdes nativas de planarias G. tigrina e G. schubarti do Rio Grande
do Sul, cultivadas em laboratério, e padronizar com elas alguns testes ecotoxicolégicos para
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deteccéao de poluentes aquéticos.

O estudo foi subdividido em duas areas, correspondendo a primeira delas aos
resultados descritos nos Capitulos | e IV e a segunda correspondendo aos resultados
descritos nos Capitulos Il e Ill. Os objetivos especificos de cada area do estudo estao listados
abaixo:

1 — Caracterizacao de ciclos de vida, modos de reproducao e de processos de regeneragao
(Capitulos | e 1V)

e (Caracterizar o modo de reproducédo de G. tigrina € G. schubarti, verificando as
influéncias da ploidia, da densidade populacional, de alteracdes fisico-quimicas da
agua de cultivo e da alimentacéo.

e Avaliar a capacidade regenerativa de G. tigrina e G. schubarti em diferentes
estagios de desenvolvimento e em diferentes condi¢des ambientais.

e Avaliar a longevidade das populagcdes de G. tigrina dipldide (sexuada) e de G.

schubarti.mixopldide (assexuada).

2 — Caracterizar a suscetibilidade de G. tigrina e G. schubarti a agentes tdxicos (Capitulos Il e
[1).
e |dentificar biomarcadores para exposicoes agudas ou crdnicas a compostos
toxicos, teratogénicos e/ou mutagénicos.
e Padronizar e validar o ensaio de micronucleos em neoblastos de G. tigrina dipldide
e G. schubarti mixopldide
e Padronizar bioensaios para a avaliacdo dos efeitos de toxicidade aguda de
poluentes aqudticos em diferentes niveis da organizagéo biolégica (molecular,

celular e sistémico) de G. tigrina.
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3. Resultados

3.1 Capitulo | - Reproductive modes and life cycles of freshwater planarians
(Platyhelminthes, Tricladida, Paludicula) from southern Brazil

Tanise Knakievicz, Sabrina Moura Vieira, Bernardo Erdtmann, Henrique Bunselmeyer

Ferreira.

Artigo publicado em Invertebrate Biology 125: 212-221, 2006.
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Reproductive modes and life cycles of freshwater planarians
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Abstract. Life cycles, ploidy levels, reproductive modes, and regeneration capacities of lab-
oratory populations of the southern Brazil freshwater planarians Girardia tigrina and
Girardia schubarti were studied. The mating behavior and life cycle of different populations
from both species were analyzed regarding their karyotype, body size, modes of reproduction,
and regeneration potential. Reproduction was evaluated according to fecundity, fertility, and
fissiparity indices. In both species we observed that diploid planarians are B25% larger than
triploid or mixoploid ones and that sexually reproducing populations have more offspring
than asexual ones. Cocoon incubation time was shorter for G. tigrina, and G. schubarti
showed a higher frequency of spontaneous malformations. G. tigrina was both more
fecund (produced more cocoons) and more fertile (produced more hatchlings) than G. schu-
barti. The effects of alternative food sources (liver or egg yolk), demographic density, and
water—salt concentration were evaluated in different populations of both species. All evalu-
ated environmental factors had effects on fecundity and fertility indices and were more
prominent for G. schubarti than for G. tigrina. Our data suggest that the populations of

G. schubarti were more sensitive to environmental factors, and thus

bioindicators.

may be useful as

Additional key words: Girardia schubarti, G. tigrina, ploidy, fissiparity

Planarians (Platyhelminthes, Turbellaria, Tricla-
dida) have a wide distribution in unpolluted streams,
lakes, and estuaries, and their natural sensitivity to
environmental variations, associated with their easy
experimental manipulation, make them potential
candidates as bioindicator organisms. Thus, the
study of local planarians is important to define
species and/or populations adequate for environmen-
tal monitoring. In addition, the knowledge of the
biology of different planarian species may bring
new insights to comparative studies of reproductive
mechanisms and regeneration among metazoans.

Different freshwater planarian species and popu-
lations present a variety of modes of reproduction.

? Author for correspondence.
E-mail: henrique @cbiot.ufrgs.br

Some are exclusively asexual (fissiparous or parthe-
nogenetic), seasonally sexual, or exclusively sexual,
and the reproductive mode is typically associated
with ploidy levels (Beukeboon & Vrijenhoek 1998;
D’Souza et al. 2004). In some planarian species there
is an alternation between sexual and asexual repro-
duction, and its occurrence may compensate, at least
in part, for some disadvantages presented by each
reproductive mode (Benazzi 1981; Hase et al. 2003),
as has been argued for other metazoans (Doncaster
et al. 2000, 2003).

The positive correlation between the occurrence of
regeneration and asexual reproduction in metazoans
may result from the co-option of asexual reproduc-
tive mechanisms for regenerating events (Alvarado
2000; Peter et al. 2001). The study of biological and
environmental factors involved in planarian repro-
duction and regeneration may shed some light on the
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cellular and molecular mechanisms involved, and the
possible correlations between them. It has been rec-
ognized in short-term cultures that turbellarians that
employ different reproductive modes (sexual, asexual
by parthenogenesis, or asexual by fissiparity) may
help in understanding the evolution of reproductive
strategies and the function of sexuality (Benazzi 1981;
Rieger 1998; Kobayashi et al. 1999a,b).

The southern Brazilian planarians Girardia tigrina
GIRARD 1850 and Girardia schubarti Marcus 1946
have been used in morphological, karyological, and
taxonomic studies (see, e.g., Kawakatsu et al. 1981,
1982, 1985; Vreys et al. 2002) and as test organisms in
toxicity assays (Rivera & Perich 1994; Guecheva
et al. 2001, 2003). However, little is known about
their mating behavior, life cycles, and ecology. Spe-
cies of Girardia present both sexual and asexual re-
production and their reproductive capacities may
vary as a function of ploidy in different populations
(Kawakatsu et al. 1981, 1984). Therefore, G. tigrina
and G. schubarti are good biological systems to study
the possible relationships between reproduction
mode and ploidy and between asexual reproduction
and regeneration. With this aim, we have evaluated
the life cycles, ploidy levels, reproduction modes, and
regeneration capacities of laboratory populations of
G. tigrina and G. schubarti in vitro. In addition, the
possible origin and selective advantage of polyploidy
and the coexistence of sexual and asexual individuals
within planarian populations are discussed.

Methods
Field collection and laboratory cultures

Specimens of Girardia tigrina and Girardia schu-
barti were collected from lotic and lentic freshwater
environments, respectively, at different sites in Rio
Grande do Sul (RS), the southernmost Brazilian
state. Individuals of G. tigrina were collected in
Dois Irmaos (population 1, GtPopl) and Salvador
do Sul (population 2, GtPop2) in 1993; individuals of
G. schubarti were collected from lentic freshwater en-
vironments at the National Forest of Sao Francisco
de Paula (population 1, GsPopl) in 1994-2000; in
Salvador do Sul (population 2, GsPop2) in 1983; and
in Santo Angelo (population 3, GsPop3) in 2000. In-
dividuals collected at each site were considered a
population and were kept in standard laboratory
conditions since their collection.

At least 40 specimens from each collected sample
were morphologically analyzed and karyotyped for
species identification and ploidy level determination,
as previously described (Kawakatsu et al. 1981, 1984),
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and the length and width of adults were measured. In
the laboratory, planarians were cultivated in atoxic
plastic containers with reconstituted water (Cabrid-
enc 1979) and fed weekly with small chunks of bovine
liver, with the water immediately changed after feed-
ing. Populations were kept at the established ideal
temperatures that supported the highest survival and
reproduction rates for each species, i.e., 181-221C for
G. tigrina (Gee et al. 1998) and 131-151C for G. schu-
barti (Knakievicz T & Ferreira HB, unpubl. data).

Karyology

Regenerating blastemas, obtained as described in
Baguna et al. (1989), were used for karyotyping. The
regenerating tissue (blastema) was dissected and
treated with colchicine (0.2% for 3h). The col-
chicine-treated blastema was minced and further
disaggregated by pipetting several times, and incu-
bated for 20min in a KCl-hypotonic solution
(0.075 mol L™"). Free cells and tissue fragments
were sedimented by centrifugation and resuspended
in SmL of cold Carnoy’s solution. Slides were pre-
pared using the air-drying method and stained with
10% Giemsa (Lamatsch et al. 1998) for standard
analysis in a Zeiss (Oborkochen, Germany) Axiop-
hot optical microscope. Up to 100 mitotic cells were
analyzed to define the ploidy level of 2n or 3n indi-
viduals. For mixoploid (2n/3n) populations, at least
100 cells from at least 13 individuals were analyzed to
establish the 2n:3n ratio.

Evaluation of reproductive modes

The reproductive modes in G. tigrina and G. schu-
barti were evaluated by monitoring populations of
randomly selected individuals and pairs. Cocoons and
hatchlings produced by sexual or parthenogenetic re-
production in each population or pair were counted
weekly and transferred to isolated containers. It was
assumed, according to Hoshi et al. (2003) and D’Sou-
za et al. (2004), that 2n planarians produce cocoons
only by sexual reproduction and do not present par-
thenogenesis. Fissiparous individuals or populations
were defined as those populations that reproduce only
by fissiparity. Fecundity was measured as the number
of cocoons produced by sexual or parthenogenetically
reproducing animals. Cocoons that did not hatch
within 3 months were considered unviable. Fertility
was measured as the number of hatchlings per indi-
vidual per week. Fecundity (Fc) and fertility (Fr) in-
dexes for each species were calculated as

CcC

Fc Y d1p

Invertebrate Biology
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Table 1. Ploidy level and size body in populations of Girardia tigrina (Gt) and G. schubarti (Gs). NA, not applicable; SD,

standard deviation.

Knakievicz, Vieira, Erdtmann, & Ferreira

Population Ploidy Sizes (mean7 SD)? 2n:3n:2n/3n ratio for 2n:3n cell ratio in
(sample sizel) mixed populations 2n/3n specimens3
Length (cm) Width (cm) (sample size®)
GtPopl 2n (N S 25) 1.12770.15% 0.1670.03% NA NA
GtPop2 3n (Mg 5 13) 0.8170.12° 0.1170.02° NA NA
GsPopl 2n (njq S 49) 2.0970.44° 0.22770.06° 1.00:0.12:0.25 NA
3n (Njpg S 6) 1.5370.214 0.1570.03¢ — NA
2n/3n (njg S 12) 1.3970.564 0.17770.054 — 5.55:1° (nee1 5 292)
GsPop2 3n (Ning S 6) 1.5470.25¢ 0.1370.05¢ 0:1.00:4.67 NA
20/3n (Njpg S 28) 1.5570.234 0.1470.044 — 1:2.21" (n 5 1024)
GsPop3 3n (Njg S 8) 1.2470.19¢ 0.1170.064 0:1.00:0.62 NA
2n/3n (njpg S'5) 1.5570.19¢ 0.1570.05¢ — 1:2.47" (ne 5 118)

'Sample size (nj,q) refers to the number of animals analyzed for each population.
*Means indicated by different letters differ significantly (a, b refer to comparisons between populations of G. tigrina, t-test,
t0.05,36 S 6408, po0.001; c, d refer to comparisons among populations of G. schubarti; ANOVA, Fg 114 5 13.94, po0.001,

Tukey test).

32n:3n cell ratios indicated by different letters (e, f) do not differ significantly (ANOVA, F, 4, 514.03, po0.001).
“Sample size (ne) refers to the total number of mitotic cells analyzed, obtained from a minimum number of five individuals

of a given mixoploid (2n/3n) subpopulation.

where CC is the number of cocoons produced by in-
dividuals or pairs in a given week and N1 is the
number of individuals within a sampled population
or twice the number of analyzed pairs in the exper-
iment, and

Fr % He 02pb

N1

where HC is the number of hatchlings produced by
individuals or pairs in a given week and N1 is the
number of individuals within a sampled population
or twice the number of analyzed pairs in the exper-
iment.

To evaluate fissiparous asexual reproduction, the
number of fissiparous events in 2n and polyploid (3n
or 2n/3n) randomly sampled pairs of G. tigrina and
G. schubarti, cultivated for 25 weeks, was assessed.
The fission rate (Fs) per individual per week was cal-
culated as

FE
Fs ¥4 — d3p
S N3
where FE is the number of offspring produced by
fissiparous individuals or pairs in a given week and
N3 is the total number of individuals or twice the
number of analyzed pairs in the experiment.

Assessment of regenerative capacity

The regenerative capacity of different populations
of G. tigrina and G. schubarti was scored as the time

Invertebrate Biology
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for complete head regeneration in decapitated plan-
arians. Samples of 20 adult individuals of average
size (defined for each population in Table 1) were
decapitated. For decapitation, each individual was
immobilized over a block of ice and a single cut was
made, as precisely as possible, immediately behind
the auricles. Decapitated individuals were observed
daily for x15d, until complete head regeneration (re-
generation of eyes and auricles). Before and during
the experiments, the planarians were kept in standard
culture conditions as described above.

Analysis of environmental effects

The effects of population density, diet, and salinity
upon fecundity and fertility parameters of different
populations of G. tigrina and G. schubarti were analy-
zed. Population density experiments were carried out
with samples of 12, 25, 50, or 100 individuals from each
population and were observed for 26 weeks. Diet ex-
periments were carried out with four samples (for each,
n 5 60) of each analyzed population. Samples were fed
with either bovine liver or chicken-egg yolk for 12
weeks. Salinity experiments were carried out with
four samples (for each, n 5 60) from each population.
Each sample was cultured in water under standard salt
conditions (I x salt concentration: 0.228 mmol L'
NaHCO;, 0013 mmolL™" KCI, 0.060 mmol L™
MgSOy4, 0.090 mmol ! CaSQy; Cabridenc 1979) or
in 0.5 x or 3x salt concentration, and observed for

24 weeks. Aeration experiments were carried out
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with one sample (n 5 60) of each analyzed population.
Samples were maintained in standard culture condi-
tions either with or without aeration.

For each experimental condition, the fecundity
(Fc), fertility (Fr), and fissiparity (Fs) parameters
were calculated as above.

Statistical analysis

All statistical analyses were performed using
SPSS= for Windowst (SPSS Inc., Chicago, IL),
and each experimental population or pair was treated
as a separated data point. Body size and 2n:3n ratio
com- parison analyses were performed using the
independ- ent-samples t-test (for data with normal
distribution). Multiple comparisons (between body
size and 2n:3n ratio, and between 2n:3n cell ratios in
mixoploid individuals) were performed using one-way
ANOVA followed by the Tukey test. Comparison
analyses of
the population density, salt concentration, and aera-
tion effects were performed using Friedman’s test
followed by the Nemenyi test (Zar 1999); for these
tests, data were collected weekly for each sample and,
therefore, n corresponds to the total number of weeks
of the experiment.

Results
Karyotyping and body sizes

Each population of Girardia tigrina (GtPopl and
2) and Girardia schubarti (GsPopl1-3) was karyo-
typed and measured, and the data are summarized
in Table 1. For G. tigrina (n 5 8), the GtPopl popu-
lation was 2n and GtPop2 was 3n. For G. schubarti
(n 5 4), population 1 (GsPopl) presented 2n, 3n, and
2n/3n individuals, in the proportions specified in
Table 1 along with the 2n:3n cell ratio for mixoploid

Table 2.
(Gt) and G. schubarti (Gs).
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specimens. Noticeably, the 2n:3n cell ratio for
GsPopl 2n/3n hatchlings (10:1), determined from
the analysis of 193 mitotic cells from four individu-
als, is different from that observed for 2n/3n individ-
uals from their parental population (5.5:1), which
may indicate that this ratio does vary either between
individuals or from generation to generation. In ad-
dition, the 2n:3n cell ratio from GsPopl 2n/3n indi-
viduals differs significantly from that of GsPop2 and
GsPop3 2n/3n individuals (ANOVA, F, 4 5 14.03,
p<o0.001).

For both species, 2n individuals were larger than
3n individuals. For populations of G. tigrina, 2n in-
dividuals are, on average, 28% larger than 3n ones
(t-test, toos, 36 S 6408, po0.001 for width and
length). In G. schubarti, 3n and 2n/3n populations
are not significantly different in size when compared
with each other (GsPopl x GsPop2, GsPopl x
GsPop3, and GsPop2 x GsPop3; ANOVA, Fs 45 5
0.115, p 50.885). However, 2n individuals of G. schu-
barti (found only in GsPopl) are on average 25%
larger than both 3n and 2n/3n individuals, regardless
of the population(s) considered (ANOVA, Fs 1145
13.94, po0.001).

Characterization of reproductive modes

In order to determine the reproductive mode of the
populations, parameters of fecundity (Fc), fertility
(Fr), and fissiparity (Fs) were assessed for x16 weeks
for both selected couples (Table 2) and populations.
In G. tigrina, diploid couples (from GtPopl) present-
ed only sexual reproduction and triploid ones (from
GtPop2) reproduced only by fission, reproductive
behaviors also observed in the corresponding popu-
lations. In G. schubarti, populations GsPop2 and
GsPop3, which are devoid of 2n individuals, showed
only fission reproduction, both for couples and for

Parameters of fecundity (Fc), fertility (Fr), and fissiparity (Fs) for couples from populations of Girardia tigrina

Population (ploidy) Number of couples

Fc!'* (mean7SD) Fr?* (mean7SD) Fs** (mean7 SD)

GtPopl (2n)
GtPop2 (3n)
GsPopl (2n, 3n, and 2n/3n)

10 (sexual)

9 (fissiparous)

37 (sexual/parthenogenetic)
14 (fissiparous)

20 (fissiparous)

10 (fissiparous)

GsPop2 (3n and 2n/3n)
GsPop3 (3n and 2n/3n)

0.86170.282% 2.86671.161° 0
0 0 0.20570.062°
0.09870.066° 0.38570.156¢ 0
0 0 0.09670.033"
0 0 0.23570.067°
0 0 0.16870.094°

'Fc means indicated by different letters (a, b) differ significantly (t-test, to.0s, 35 S 4.147, po0.001).
’Fr means indicated by different letters (c, d) differ significantly (t-test, tyos, 35 S 5.300, po0.001).
Fs means indicated by different letters (e, f) do not differ significantly (ANOVA, F; 53 58.067, po0.001, Tukey test).

*apons 3 0.006.
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populations. However, for the 51 couples formed
from GsPopl hatchlings, which included only 2n
(80%) and 2n/3n (20%) individuals (3n hatchlings
were not found among GsPopl hatchlings), two dis-
tinct classes were observed, one only with fissiparous
couples (n 5 14, 27.5%) and another with both sexual
and parthenogenetic reproducing ones (n35S 37,
72.5%), considering that the production of both 2n
and 2n/3n offspring by 2n parents is evidence of par-
thenogenetic reproduction within a  population
(Schley et al. 2004). As the switching between repro-
duction modes was not observed for any of these
couples, they may represent reproductively distinct
subpopulations of the GsPopl population, in which
sexual/parthenogenetic and fissiparous reproduction
modes are simultaneously present.

Sexual offspring of G. tigrina are B7x larger
(Fc 52.866 for GtPopl) than those of G. schubarti
(Fc 5 0.385 for GsPopl; Table 2). Comparing differ-
ent populations within each species, the sexual
offspring of G. tigrina is B14 x larger than that gen-
erated by fissiparity (GtPopl Fc/GtPop2 Fs S
13.978), while in G. schubarti the sexual/parthenoge-
netic offspring are only B2 x larger (GsPopl Fc/
GsPopl Fs 54.011; GsPopl Fc/GsPop2 Fs 5 0.689;
GsPopl Fc/GsPop3 Fs 5 2.291). The GtPop2 popu-
lation of G. tigrina and the GsPop2 and GsPop3 pop-
ulations of G. schubarti did not differ significantly in
their fissiparity rates (Table 2). Therefore, the preva-
lence of fissiparous offspring hardly differs between
these two species (GtPop2 Fs/GsPop2 Fs 5 0.872;
GtPop2 Fs/GsPop3 Fs 5 1.220).

Attempts to induce the switching from fissiparous
to sexual reproductive modes were performed as pre-
viously described by Hauser (1987) and Kobayashi
et al. (1999a), feeding 10 pairs of mixoploid (2n/3n)
individuals of G. schubarti (from GsPop2) with
minced 2n G. tigrina individuals. After 6 months
of daily monitoring, no cocoon production was
observed.

Fecundity and offspring viability

Cocoon production and offspring viability were
assessed for the sexual population of G. tigrina
(GtPopl) and for the sexual/parthenogenetic popu-
lation of G. schubarti (GsPopl). The number of co-
coons produced per individual was 10 x higher in G.
tigrina (Fc 5 0.861) than in G. schubarti (Fc 5 0.098)
(Table 2). In G. tigrina, cocoon incubation time was
shorter, with most of them hatching within 2 (64.9%)
or 3 weeks (33.0%) after laying. In G. schubarti, most
of the cocoons hatched within 3 (52%) or 4 weeks
(31.9%) after laying.
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Viability was comparatively evaluated for both co-
coons and hatchlings. In G. tigrina, 100% of the co-
coons were viable and 80% of their hatchlings
remained alive after 4 weeks (n S 1233). The viabili-
ty of sexual/parthenogenetic offspring in G. schubarti
was lower, with 77% of the cocoons viable and 72%
of their hatchlings remaining alive after 4 weeks
(n571).

Teratogenesis

The occurrence of malformations was analyzed in
the sexual offspring of G. tigrina and in the sexual/
parthenogenetic offspring of G. schubarti (GtPopl
and GsPopl populations, respectively). Morpholog-
ical malformations in hatchlings, such as double
heads, deformed tails, and conjoined individuals, oc-
curred with frequencies of 0.17% in G. tigrina
(n 53083) and 0.72% in G. schubarti (n 5 354).

Regeneration potential

To verify possible differences in regeneration
capacity between populations of G. tigrina and
G. schubarti, we observed the time necessary for
regeneration of decapitated individuals of the
GtPopl population of G. tigrina and the GsPopl,
GsPop2, and GsPop3 populations of G. schubarti.
Sampled individuals (n S 20) of each population were
decapitated and allowed to regenerate in standard
culture conditions, being observed every 24 h. The
GtPopl, GsPop2, and GsPop3 individuals took an
average of 4d for full-head regeneration. GsPopl
individuals, on the other hand, took twice this time
(an average of 8d).

Environmental influence on reproduction

To evaluate the influence of different environmen-
tal factors on reproductive parameters of sexual (G.
tigrina) and sexual/parthenogenetic (G. schubarti)
populations, sexually mature individuals, of known
age, from GtPopl and GsPopl populations (12 and
24 weeks after hatching, respectively) were submitted
to different culture conditions in population density,
salinity, aeration, and diet (egg yolk or bovine liver).
An increase in population density had different
effects on G. tigrina and G. shubarti populations
(Table 3), significantly reducing fecundity and fertil-
ity in G. schubarti, with a density of 100 individu-
als L' being 100% lethal within 4 weeks with no
reproduction. In G. tigrina, on the other hand, no
clear correlation between fecundity/fertility rates and
population density was observed.
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Table 3. Effects of population density on sexual repro-
duction parameters of Girardia tigrina (Gt) and G. schu-
barti (Gs).
Population Individuals Fc Fr
L' (mean7SD)  (mean7SD)
GtPopl! 12 0.337770.280* 1.15571.154°
25 0.24970.273* 0.74170.835"
50 0.45670.407* 1.08271.147°
100 0.20670.207* 0.47270.460°
GsPop1? 12 0.13570.160° 0.60470.653°

25 0.06670.084°4 0.24270.245°
50 0.03270.055% 0.16670.210"
100° — —

'Fc and Fr meansin G. tigrina indicated by the same letters
(a and b, respectively) did not differ significantly (Friedman
test; Fc, w*59.305, p 50.025, n526; Fr, w>511251, p5
0.030, n 5 26).

’Fc and Fr meansin G. schubarti indicated by different letters
(c, d and e, f, respectively) differed significantly (Friedman test;
Fc, w?58.578, po0.014, n 5 26; Fr, w* 5 9.500, po0.009,
n 5 26; Nemenyi test, a5 0.05).

*In this sample, all individuals died within 4 weeks without
reproducing.

The influence of water aeration and salt concen-
tration was also more noticeable for G. schubarti than
for G. tigrina (Table 4). Culture aeration slightly but
significantly reduced fecundity and fertility in G.
schubarti (Friedman test; Fc, w2526.24, po0.001,
n5S 24; Fr, w2529.60, po0.001, n 5 24), while ex-
treme salt concentrations (1/2 or 3x ) drastically re-
duced or even eliminated sexual/parthenogenetic
reproduction. However, both water aeration and a
3x salt concentration determined the occurrence of
fissiparity among GsPopl individuals, which was not
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observed in the standard control culture. This low
fission rate was similar to that observed for GsPopl
fissiparous couples (see Table 2).

Finally, the effects of an alternative diet (egg yolk)
instead of the standard bovineliver diet were assessed
for both species. The egg yolk diet was 100% lethal
within 9 weeks in G. schubarti. This lethal effect was
milder in G. tigrina, with 50% of the individual dying
after 12 weeks. No reproduction, either sexual/par-
thenogenetic or fissiparous, was observed for G. schu-
barti, while in G. tigrina sexual reproduction was
presented (Fc 5 0.014770.047), although severely im-
paired (see Table 4).

Discussion

Girardia tigrina and Girardia schubarti are planar-
ian species that present populations with inter- and
intraspecific variation in several respects, from genet-
ics to reproductive behavior and regeneration capac-
ity. G. tigrina is a widespread, native American
triclad (Gee et al. 1998; Tamura et al. 1998) with sex-
ual, fissiparous, and parthenogenetic populations
(Vreys et al. 2002) that may also differ in their plo-
idy (Benazzi & Benazzi-Lentati 1976). G. schubarti is
a species whose occurrence is described only in Brazil
(Benazzi & Benazzi-Lentati 1976), and its popula-
tions may also vary in ploidy and reproductive
behavior (Kawakatsu et al. 1984).

Both species occur in the Brazilian southern state of
RS, but with distinct biogeographic distributions.
While individuals of G. tigrina are typically found at-
tached to aquatic plants in ponds and lakes of the
sedimentary central depression and coastal plain
(200 m above sea level on average), individuals of G.
schubarti are found in freshwater lentic streams of

Table 4. Effects of aeration and salt concentration on reproductive parameters in Girardia tigrina and G. schubarti.
Population Culture condition Fc (mean™7SD) Fr (mean7 SD) Fs (mean7SD)
GtPopl! Standard 0.88070.620° 1.76671.510° 0
Standard with aeration 0.80870.743% 1.64372.148° 0
0.5 x salt concentration 0.92970.637% 1.90371.952° 0
3 x salt concentration 0.75070.554* 1.714771.330° 0
GsPop1® Standard 0.03870.077° 0.04570.125" o"
Standard with aeration 0.02770.041¢ 0.09770.182#% 0.034770.059'
0.5 x salt concentration 0° 0f _ oh
3 x salt concentration 0.007770.024"* 0.01870.078" 0.01270.027"

'Fc and Fr meansin G. tigrina indicated by the same letters (a and b, respectively) did not differ significantly (Friedman
test: Fc, w?52.805, po0.421, n 5 35; w>53.170, po.365, n 5 35).

’Fc, Fr, and Fs means in G. schubarti indicated by different letters (c, d, e; f, g; and h, i; respectively) differed significantly
(Friedman test: Fc, w* 52624, po0.001, n 5 24; Fr, w*529.60, po0.001, n 524; and Fs, w*532.34, po0.001, n 5 24;

Nemenyi test, a5 0.05).
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basaltic elevated plains (700 m above sea level on av-
erage), usually beneath stones. In this work, we have
analyzed two and three laboratory populations of G.
tigrina and G. schubarti, respectively, with emphasis
on basic biological aspects such as their ploidy, re-
productive behavior, and relative sensitivity to some
environmental conditions. The populations used in
our study were collected at different times and kept in
stable laboratory conditions for long and different
periods of time (5-22 years). A founder effect and
potential bottlenecks (Stohler et al. 2004) may have
determined that their current behavior does not ex-
actly reflect that of natural populations. In addition,
some of the observed differences between species or
populations may be due at leastin part to differential
laboratory adaptation. However, it is important to
note that data for the GsPop3 population refer to
freshly collected planarians (in the year 2000) and that
their current (in the year 2005) reproductive behavior
and regeneration capacity have not been significantly
altered (Knakievicz T & Ferreira HB, unpubl. data).

Ploidy variation may be an important determinant
of morphological and physiological plasticity (Gre-
gory 2002) and may favor speciation events at leastin
some cases (Gregory 2003). Ploidy variations were
observed between the populations of G. tigrina and
G. schubarti analyzed. However, in G. tigrina, the
analyzed populations were exclusively 2n (GtPopl)
or 3n (GtPop2), while in populations of G. schubarti
the ploidy level (consideringboth the proportion of
2n, 3n, and/or 2n/3n individuals within a population
and the 2n:3n rate for a given mixoploid individual)
apparently presents fluctuations in response to dif-
ferent factors that remain to be elucidated. The iden-
tification of such factors, which may range from
genetic to environmental, will be important to under-
stand how different degrees of ploidic plasticity are
maintained among populations of G. tigrina and
G. schubarti.

Changes in genome size are considered by some
authors as major determinants of the enormous mor-
phological diversity among invertebrates and, at least
for turbellarian flatworms and copepod crustaceans,
a significant positive relationship between genome
size and body size has been observed (Gregory et al.
2000). For G. tigrina and G. schubarti, however, this
relationship seems to be inverse, as individuals with
3n cells (either triploids or mixoploids) tend to be
smaller than diploid ones and planarians with 16
chromosomes (2n individuals of G. tigrina) are small-
er than those with just eight (2n individuals of
G. schubarti).

The origin of triploid cells or individuals may be
explained by events involving either mitotic (Oki
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et al. 1981; D’Souza et al. 2004) or meiotic (Thorne
& Sheldon 1991) non-disjunctions. Within mixoploid
individuals of G. schubarti, the observation of varia-
ble 2n:3n cell rates, which can be even altered in re-
sponse to environmental conditions including food
abundance (Knakievicz T & Ferreira HB, unpubl.
data), is suggestive of mitotic non-disjunctions lead-
ing to 3n cells generation. On the other hand, we have
never observed the sexual generation of triploid in-
dividuals from sexually reproducing couples in either
G. tigrina or G. schubarti, which suggests that events
of meiotic non-disjunction are rare. Triploid planar-
ians could also be generated by successive events of
fissiparity involving a lineage of 2n/3n individuals
with decreasing 2n:3n ratios. Within such a lineage,
individuals with a high proportion of 3n cells might
be able to generate 3n individuals within a few gen-
erations of fissiparity, a hypothesis that could be in-
vestigated using G. schubarti as a model.

It is interesting to speculate on the advantage of
simultaneously maintaining 2n, 3n, and 2n/3n indi-
viduals within a natural population, as observed for
native American populations of G. schubarti (this
work), some European populations of G. tigrina
(Ribas et al. 1989), and some Japanese populations
of Dugesia japonica IcHIkKANA & KawakaTsu 1964
and D. ryukyuensis KANAkATsU 1976 (Tamura et al.
1995). This may be related to different degrees of ad-
aptation of each karyotype (for 2n or 3n individuals)
or particular 2n:3n cell rates (for mixoploid individ-
uals) to their environment. For natural populations
of G. schubarti, including those sampled to generate
GsPopl, 2, and 3 populations and followed over sev-
eral years (Knakievicz T & Erdtmann B, unpubl.
data), it was observed that mixoploid individuals
are more frequent in warmer seasons and usually
die in temperatures ©6I1C. Therefore, it seems that
these 2n/3n specimens can constantly reemerge within
local populations, for example after a cold season.

Among metazoans, sexual reproduction is domi-
nant, while asexual reproduction is rare (Welch &
Meselson 2000). Between these two extremes, there
are species that present both reproductive modes,
alternatively using one or the other as a function of
developmental or environmental factors (Normark
et al. 2003). For both G. tigrina and G. schubarti, the
reproductive mode shows correlation with the ploidy
level, with sexual reproduction apparently being
exclusive for diploid individuals, as observed for oth-
er planarians (Hoshi et al. 2003; D’Souza et al. 2004).
This is especially clear for G. tigrina, with the 2n
GtPop1 population being sexual while the 3n GtPop2
population is fissiparous. For G. schubarti, the
GsPop2 and GsPop3 populations, both only with
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triploid and mixoploid individuals, are fissiparous,
while GsPopl presented both sexual/parthenogenetic
and fission reproduction, possibly associated to 2n
and 2n/3n or 3n subpopulations, respectively.

Despite the positive correlation between a 2n
karyotype and sexuality observed for the populations
of G. tigrina and G. schubarti analyzed, it is possible
that ploidy is not the sole determinant of the repro-
ductive mode for these species; they may also be in-
fluenced by other, more specific genetic factors,
such as those under investigation for D. ryukyuensis
(Kobayashi et al. 1999a,b; Kobayashi & Hoshi 2002).

The acquisition of asexuality by sexual popula-
tions, or vice versa, has been demonstrated for plan-
arians (Weinzierl et al. 1999; D’Souza et al. 2004).
However, the mechanisms of switching reproductive
modes are so far unknown. In the GsPopl popula-
tion of G. schubarti, the possible generation of 2n/3n
fissiparous individuals from cocoons produced by 2n
sexual parents would represent a switch in reproduc-
tive mode. On the other hand, the offspring of fissip-
arous couples maintained the asexual reproductive
mode either under the standard culture conditions or
with a ‘‘sexual-inducing diet,”” suggesting that a
switch to a sexual reproductive mode is rare and/or
depends on other factors, either genetic or environ-
mental.

In the GsPopl population of G. schubarti, a stable
coexistence of sexual and asexual (fissiparous and,
possibly, parthenogenetic) individuals has been ob-
served. The observationthat 2n individuals produce
2n and 2n/3n offspring is suggestive of the possible
simultaneous occurrence of sexual outcrossing and
parthenogenesis. The parthenogenesis may be sperm
dependent, as observed for planarians of Schmidtea
polychroa ScumipT 1861 (D’Souza et al. 2004), which
poses both evolutionary and ecological questions
(Beukeboon & Vrijenhoek 1998). Ecologically, the
maintenance of sperm-dependent parthenogenetic in-
dividuals (pseudogamy) in the presence of sexual in-
dividuals presents aspects of both parasitism and
competition (Schley et al. 2004). It leads to sperm
waste by sexual individuals, and the otherwise similar
pseudogamous and sexual forms compete intensively
for resources.

Evolutionarily, most models of the origin of sex
consider obligate sexual and obligate asexual organ-
isms (D’Souza et al. 2004). However, some studies
show that a stable, mixed mode of reproduction
(occasional sex) is viable, and different theories
have been proposed to explain its maintenance, in-
cluding in planarians (Michiels et al. 2001; D’Souza
et al. 2004). These theories are based on the
disadvantage of asexual individuals due to the rapid
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adaptation of parasites to common clones, on
the loss of fitness of asexual clonal genomes due to
the accumulation of deleterious mutations, on a
trade-off between growth capacity and interspecific
competitive impacts, or on a superior intrinsic
capacity of pseudogamous triploids to exploit a
given resource in relation to sexual diploids. There-
fore, along with S. polychroa, G. schubarti would be a
good model organism to experimentally address the
validity of these theories.

Individuals of G. tigrina are more prolific than
those of G. schubarti. In sexual reproduction, individ-
uals of G. tigrina are B15x more prolific, considering
either number of cocoons (fecundity) or number of
hatchlings (fertility) produced. In addition, both co-
coons and hatchlings of G. tigrina presented a higher
viability than those of G. schubarti. However, capac-
ity for asexual reproduction was similar in G. tigrina
(0.205 fission per planarian per week) and asexual
populations of G. schubarti (0.235 fission per planar-
ian per week for GsPop2 and 0.168 for GsPop3).

Asexual reproduction is often associated with
regeneration potential (Alvarado 2000; Reuter &
Kreshchenko 2004), but the GtPopl population of
G. tigrina, with no fissiparity, presented the same re-
generation capacity as GsPop2 and GsPop3 popula-
tions of G. schubarti. Only the GsPopl population of
G. schubarti differed significantly in regeneration ca-
pacity, compared with both populations of G. tigrina
and to other populations of G. schubarti, approxi-
mately doubling the time for full-head regeneration.
The reasons for the lower regeneration capacity of
GsPopl remain to be investigated, because it is ap-
parently correlated with ploidy or fissiparity indices
(Table 2).

It has been stated that environmental factors may
influence the dynamics of planarian reproduction
(Reynoldson et al. 1965; Reynoldson 1981). Sexual
reproduction parameters in G. tigrina were not sig-
nificantly affected by changes in population density,
salt concentration, or aeration. Sexual/parthenoge-
netic and fissiparous reproductive parameters in
G. schubarti, however, were clearly altered by these
factors. Higher population densities progressively
decreased sexual/parthenogenetic reproductive effi-
ciency, with a lethal effectin a density of 100 individ-
uals L', This negative crowding effect on the
numbers of deposited cocoons was also observed
in Dugesia dorotocephala WoobpwortH 1897
(Kostelecky et al. 1989). Interestingly, high salt
(3x ) and aeration both induced the occurrence of
fission reproduction in G. schubarti, which was not
observed in the control cultures. This suggests that,
at least to a limited degree, these environmental
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factors could determine a reproductive mode switch
in G. schubarti, stimulating a fissiparous reproductive
mode that, in our standard culture conditions, would
be partially or totally inactive.

An alternative egg-yolk diet negatively affected
both G. tigrina and G. schubarti, but to a different
extent. While in G. schubarti this diet was 100%
lethal and did not allow reproduction, individuals
of G. tigrina fed with egg yolk still presented a low
fecundity rate (2.81%) and a survival rate of B50%
after 12 weeks, as was observed in D. dorotocephala
(Kostelecky et al. 1989). Future toxicological studies
may identify the specific factors in this diet that cause
these affects.
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Girardia tigrina and Girardia schubarti planarians were used to develop a neoblast-based
micronucleus (MN) assay. Intact or regenerating planarians were exposed to y-rays and MMS, and
neoblast MN frequency was assessed. Exposure to the clastogens had no detectable effect on MN
frequency of intact planarian neoblasts. For regenerating individuals, on the other hand, with active
neoblast proliferation induced by decapitation,

Y-rays doses and MMS concentrations as low as 0.5 Gy and 0.8 mM, respectively, induced a
significant increase in MN frequencies. A dose-response correlation was observed when planarians
were exposed to y-rays, while, for those exposed to MMS, this correlation was limited to the lower
concentrations (up to 1.6 uM), due to a MMS cytotoxic effect. After regeneration completion, MN
frequencies returned to those of unexposed controls within

24 h, indicating that the neoblast MN assay for regenerating G. tigrina or G. schubarti is adequate to
assess mutagenic hazard caused by acute exposure to genotoxic agents. Therefore, the standardized
assay represents an interesting alternative for monitoring damages caused to freshwater organisms by
potentially genotoxic environmental pollutants, with a sensitivity equivalent to that of the more

expensive and laborious MN assays involving mammalian cells.1. Introduction

Freshwater planarians are potentially useful test organisms for aquatic environmental
pollutants, because they are commonly present in the aquatic fauna of unpolluted streams and
susceptible to environmental changes. Besides, they are easy and inexpensive to culture in laboratory
and offer several biomarkers that can be used to assess the effects of potentially harmful substances.
Planarians have been used to evaluate the toxic [1,2,3], genotoxic [4,5], teratogenic [6,7,8,9] effects

of metals, and also to evaluate the activity of anti-oxidant enzymes [10].



Neoblasts are morphologically distinct of differentiated cells [11], for being spherical and
having round nuclei and relatively little cytoplasm [12]. They are the only mitotically active planarian
cells, which divide to replace cells lost in the course of physiological cell turnover or following
amputation [13,14]. Approximately 16-20% of neoblasts are in G2 [15] and 99% are labeled with
BrdU after 3 days of continuous labeling [14], indicating that nearly all of them undergo DNA
synthesis within this period. During regeneration, first there is formation of the blastema through local
neoblast proliferation [16], which is followed by differentiation for the restitution of the lost body
part.

Mitotic anomalies, chromosomal aberrations and decrease in mitotic activity have been
described for neoblasts treated with potassium dichromate and cadmium sulfate [17,18], which
suggests that these cells are appropriate for the analysis of the mutagenic potential of substances of
interest in micronuclei (MN) assays. MN assays have been shown to detect clastogens with the
same accuracy as chromosomal aberrations (CA) assays, and, sometimes, with higher sensitivity
[19]. The MN assay can be a robust and dependable test system for mutagenicity assessment, at
least for cell types or populations with well defined cell cycles, as in the case of planarian
neoblasts.

Here, we describe the standardization of a planarian neoblast MN assay for mutagenicity
evaluation. We have used neoblasts obtained from both intact and regenerating planarians of two
species, Girardia tigrina and Girardia schubarti, previously exposed to gamma radiation (y-rays)
and methyl methanesulphonate (MMS), which are known clastogens. The standardized assay
allowed the detection of mutagenic effects, in the form of quantifiable micronuclei generation, after
exposure to doses as low as 0.5 Gy or 0.8 uM MMS. The number of detectable micronuclei was
proportional to the radiation dose and to the MMS concentration in the ranges of 0.5 - 1.25 Gy and

08-1.6



UM, respectively. The applicability of the assay as an additional or alternative test for

toxicological studies is discussed.

2. Materials and methods

2.1. Animals

Sexual diploid (2n) Girardia tigrina and asexual mixoploid (2n/3n) Girardia schubarti
populations from lotics and lentics aquatic environments, respectively, were captured in the Rio
Grande do Sul State (Brazil). In the laboratory, the planarian samples
were cultivated in containers with reconstituted water [20] at 20 + 1°C and fed weekly with
bovine liver, as previously described [21].

Samples of regenerating planarians were produced by decapitation of healthy adult
individuals, as described by Knakievicz et al. [21]. Briefly, each individual was
immobilized over a block of ice and a single cut was made immediately behind the auricles. After

decapitation, planarians were immediately submitted to treatment conditions.

2.2. MMS toxicity tests

In toxicity tests, intact and regenerating planarians (two independent samples of 10 animals
for each treatment or control) were cultured in water in which MMS (CAS no. 66-
27-3, Sigma, USA) was dissolved to final concentrations ranging from 0.8 to 64 uM for 24 h in the
dark. After exposure, planarians were transferred to culture water without MMS and followed for 96
h, with daily visual inspection for recording of the mortality rate, for intact animals, or the
regeneration stage, for regenerating animals. The mortality rate was used for calculation of the lethal

concentration for 50% of the intact planarians (LCs),



using the Trimmed Spearman-Karber Methods (version 1.5) [22], and the regeneration state was used
for the calculation of the inhibition concentration that reduces 50% of the eyes or auricles
regeneration (ICsg) of decapitated planarians, using the Inhibition Concentration (ICp) Approach
(version 2.0) software [23]. During and after exposure planarians were not fed and culture water was

changed daily.

2.3. Exposure to clastogens

In each experiment, two independent samples (n = 10 each) of intact and regenerating
G. tigrina and G. schubarti planarians were exposed to sublethal gamma radiation (y-rays)
doses, according to previously established parameters [24], or MMS
concentrations, established according to the toxicity tests (see above). A 137¢ y-ray source
(Hospital de Clinicas, Porto Alegre, Brazil) was used, and after exposure (from 9,70 to
24,06 seconds according to the dose), planarians were rinsed in reconstituted water and kept in
culture for 0 to 144 h, as indicated for each experiment, prior to use in the MN assays. Exposure to
MMS was performed culturing planarians for 24 h in the dark, in water in which MMS was dissolved.
After exposure to MMS, planarians were rinsed in reconstituted water and kept in culture for
additional 48 h prior to use in the MN assays. During and after exposure to y-rays or MMS, planarians
were not fed and culture water
was changed daily. Animals from negative control samples (two independent samples of 10 animals
per experiment) were submitted to the same culture conditions, but without any exposure to either y-

rays or MMS.

2.4. MN assays



MN assays were performed essentially as previously described [25]. For cell isolation,
planarian samples were minced in MTTP solution [12] (Nutricell, Brazil) and cell suspensions were

collected with a Pasteur pipette. To each 500 pL of cell suspension,
500 pL 1% sodium citrate (ISOFAR, Brazil) was added and the sample was incubated for 5

min at room temperature, prior to fixation with the addition of 200 pL of 4% (v/v) formalin (Merck,
Germany). Fixed samples were stored at 4°C until preparation of slides. At least two slides were
prepared from each planarian sample (n = 10) submitted to a given treatment or control condition.
For MN analysis, fixed cell samples were spread on microscope slides pre-coated with 0.05 %
gelatin (Sigma, USA), and gradually dehydrated through an ethanol series. Cell slides were then
stained with Feulgen reagent [26], fucsin (Merck, Germany), and 0.005% (w/v) fast green (Sigma,
USA). The stained slides were analyzed in a Zeiss Axiophot optical microscope. Neoblasts were
morphologically identified, according to their characteristic size, shape, and nucleocytoplasmic ratio
[11, 12]. Each neoblast containing one or more micronuclei was scored as a MN positive cell. For any
given experimental or control condition, two independent experiments were performed, each of them
with two replicas (two samples of 10 planarians submitted to a given experimental or control
condition). At least two slides from each replica were analysed, and, for each slide, two independent
countings of at least 1000 neoblasts each were done. In all experiments, slides were coded
to avoid any counting bias. The scored frequency for a given slide was the mean of the two countings
and the scored frequency for a replica was the mean of the scores of two slides. The scored
frequency of an experiment was the mean of two replicas and the presented
MN frequency for a given experimental condition correspond to the mean of the two

independent experiments.



2.5. Statistical analysis

MN data of exposed planarians were compared to the correspondent non-exposed controls

using the Kruskal-Wallis test using SPSS® for Windows ™ (http://www.spss.com), followed by the

Dunn test [27]. A value of P < 0.05 was considered for statistical

significance.

3. Results

Gamma ray sublethal exposure levels have been previously established for G. schubarti and
G. tigrina [24] and, based on that, planarians were exposed to doses ranging from 0.50 to 1.25 Gy. In
our experimental conditions, exposure to such levels of radiation has not determined any lethal
effects for G. tigrina or G. schubarti (data not shown).

Toxicity tests were carried out in order to establish the MMS sublethal concentrations,
exposing intact planarians for 24 h to MMS concentrations ranging from
0.8 uM to 6.4 uM. For G. tigrina, MMS LCsq of 2.0 uM, in 24 h, and 1.4 pM, in 96 h, were
calculated. For G. schubarti, the LCso was above 6.4 uM in 24 h and was not calculated, while a
LCsp of 3.7 uM MMS, in 96 h, was established. The MMS effects on regenerating planarians were
also evaluated, for calculation of the ICs, since exposure to MMS caused significant blastema
growth retardation (data not shown), with consequent and differential retardation in the formation of
both eyes and auricles. For G. tigrina, ICspin 96 h were 0.7 and 1.2 uM for eyes and auricles,
respectively, while, for G. schubarti, they were 2.7 uM and 2.3 uM, respectively. Based on the
calculated LCs¢, sublethal MMS

concentrations between 0.8 UM and 3.2 uM in exposure times of 24 h were used in the MN



assays with both intact and regenerating animals. Such exposure levels showed no detectable effects
on regeneration rates in comparison to that of the controls within a 24 h period (data not shown).

The MN frequencies in response to exposure to sublethal y-ray doses or MMS
concentrations was then assessed in both intact and regenerating G. tigrina and G. shubarti
planarians. After exposure to both clastogenic agents, MN frequencies were assessed in comparison to
spontaneous MN frequencies from non exposed planarian controls. Four types of MN were observed
in the analysed neoblasts (data not shown), essentially corresponding to those previously described by
Nishikawa et al. [28], and no discrimination between them was done for the scoring of the overall MN
frequency.

Tables 1 and 2 present the MN frequencies in intact and regenerating G. tigrina and G.
schubarti planarians, respectively, after exposure to a physical clastogenic agent, y-rays, in doses
between 0.5 and 1.25 Gy. For both species, the MN frequency did not increase significantly (P =
0.358 and P = 0.475, respectively) for intact planarians in relation to corresponding non exposed
controls. However, regenerating individuals from both species showed significantly increased MN
frequencies (P = 0.023 and P = 0.016, respectively) in response to y-ray exposure, with positive dose-
response correlations. Comparison of the
MN frequencies in regenerating individuals between species showed that G. tigrina and G. schubarti
do not differ significantly (P = 0.127), suggesting similar sensitivities to the clastogenic effect of y-
rays.

The effect of MMS, a chemical clastogenic agent, on MN frequencies was then
tested in G. tigrina and G. schubarti planarians. Similarly to the animals exposed to y-rays, intact
planarians exposed 24 h to MMS concentrations between 0.8 and 3.2 uM did not show significant

increase in MN frequency in relation to not exposed controls (data not



shown). On the other hand, exposure of regenerating planarians to MMS concentrations in the range
of 0.8 and 1.6 uM, for G. tigrina, and 1.2 and 1.6 UM, for G. schubarti resulted
in an increase in MN frequency in comparison to non exposed controls (Table 3). Exposure to MMS
concentrations above these ranges led to MN frequencies not significantly higher than those of the
non exposed controls for both species. No significant differences in MN frequency in response to
MMS was observed between G. tigrina and G. schubarti regenerants exposed to the same MMS
concentrations (xz =3.10, P =0,078).

Upon exposure to clastogens (either y-rays or MMYS), it was observed that, in a
period of up to 72 to 96 h, there was an increase in MN frequency, but, after that, MN progressively
decreased, returning to the basal MN frequency of not exposed controls (data not shown). To better
assess this phenomenon, the MN frequency variation for
regenerating G. tigrina and G. schubarti was determined as a function of time after exposure to a 1
Gy dose of y-rays (Table 4). As expected (see Tables 1 and 2), exposure to the 1 Gy y-ray dose led to
a significant increase in MN frequency within 96 h, but, after
120 h, the MN frequencies did not significantly (Table 4) differ from those of controls
(scored immediately after exposure) for both species. This MN frequency reduction after
120 h of exposure may be attributed to differentiation and /or apoptosis of the generated

micronucleated neoblasts.

4. Discussion

MN assays for the determination of micronucleated cell frequency within samples of
proliferating cells provide a simple and fast method to assessing mutagenic hazard. MN assays are
conventionally based on the formation of micronucleated polychromatic erythrocytes (MNPCE) in

rodent bone marrow



[http://www.cfsan.fda.gov/~redbook/redivcld.html], and they have been widely used to
evaluate the genotoxicity of different chemical and physical agents [29,30,31]. MN assays allow
consideration of factors of in vivo metabolism, pharmacokinetics and DNA-repair processes, which
may vary among species, among tissues and among genetic endpoints [32,33]. Therefore, several
alternative MN assay systems, involving different organisms, from invertebrate and vertebrate
animals to plants, have been developed [34,35,36]. A wide variety of organisms amenable to MN
assays is important to allow a more
comprehensive analysis of potential damages caused to the biota of a given environment by genotoxic
pollutants.

The use of MN assays for aquatic invertebrates is relatively new, and the range of species
for which they were standardized is restricted to mollusks and crustaceans [37,38,39]. In this
context, planarians are potentially interesting organisms to be used in MN assays, as representatives
of the invertebrate fauna of lentic and lotic environments whose value as bioindicators has been
demonstrated [4,5,10,21].

Planarian neoblasts present a good potential to be used in MN assays, as they are
the only proliferating cell population of these organisms and are easily distinguishable from
differentiated cells in light microscopy. For standardization of a planarian neoblast MN assay, we have
investigated the effects of two well-known clastogens, one physical (y-rays) and one chemical (MMYS),
on neoblast MN frequency of two species, G. tigrina and G. schubarti. The sublethal doses
established for both agents [24, this work] and used in the experiments were within ranges commonly
used for validation of mammalian MN assays [28,40]. High doses (as high as 30-60 Gy) of ionizing
radiation are known to quickly and specifically eliminate planarian neoblasts [41,42]. However, the Y-
ray doses used in this work (0.5 to 1.25 Gy) were well below these levels, and within a range in which

a dose-



response correlation was evident in the MN assays. For MMS, on the other hand, a dose- response
correlation was observed only for the lower MMS concentrations (0.8-1.6 uM). Exposure to higher
(2.4-3.2 uM) concentrations led to an apparent decrease in MN frequency, which is suggestive of a
MMS cytotoxic effect for neoblasts. This was corroborated by the fact that regeneration in
individuals exposed to higher MMS

concentrations was impaired, as demonstrated by the calculated ICsg for both species.

For both G. tigrina and G. schubarti, the increase in MN frequency upon exposure to y-rays
or MMS was restricted to neoblasts of regenerating individuals, probably due to the fact that active
neoblast division (above basal levels) depends on induction, that occurs upon decapitation and is kept
in high rates until complete reconstitution of lost structures, such as eyes and auricles [15,16]. In
intact planarians, neoblasts divide [14,16], but in rates below the minimum necessary to generate
micronucleus in a detectable level for our assay conditions.

In our experimental conditions, full head (eyes and auricles) regeneration of decapitated G.
tigrina and G. schubarti took 96 h [21]. After regeneration, neoblast MN frequency of animals
exposed to y-rays progressively decreased, returning to basal levels (that of unexposed controls)
within 24 h after regeneration completion. This indicated that, as expected, neoblast proliferation
returned to the lower rates typical of intact planarians [16], and that the micronucleated neoblasts
generated in higher rates during regeneration either differentiated [42] or died [17,18].

Regarding sensitivity, our MN assays in regenerating planarians were able to detect increase
in MN frequency in response to exposures to y-rays doses as low as 0.5 Gy and
1.0 Gy or to MMS concentrations as low as 0.8 pM and 1.2 uM, for G. tigrina and G. schubarti,

respectively. Such sensitivity, was comparable to that of the more laborious



regenerating planarian neoblast CA assay [24] and similar than that of mammalian MN
assays based on MNPCE [30] or cultured B lymphocytes [31,43].

In conclusion, the high proliferative neoblasts of regenerating planarians can be
regarded as adequate for MN assays. Their proliferation is easily induced by decapitation, and MN
frequency variation upon exposure to genotoxic agents can be assessed within 48
hto 72 h, depending on the species. Therefore a MN assay for regenerating G. tigrina or G. schubarti
would be useful for monitoring damages caused by acute exposure to aquatic environmental pollutants
with mutagenic potential. They represent a complement or an alternative for the more expensive and

time-consuming MN assays involving mammalian cells.
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Table 1. Dose-response relationship between MN frequency and y-rays exposure for intact and regenerating G. tigrina planarians.

Presented MN frequencies correspond to means of two independent experiments, each of them with at least two replicas.

Gamma Intact Regenerating
.. No. of scored MN %o No. of scored MN %o
radiation (Gy) neoblasts Mean (SE) CV% neoblasts Mean (SE)** CV %
0 2000 2.00 (1.00) 70.7 5042 1.39 (0.51)* 81.7
0.50 4000 4.67 (1.45) 53.9 5012 3.20 (0.66)b 46.3
1.00 4000 4.50 (1.50) 47.1 5012 4.19 (0.59)b;C 31.3
1.25 2000 6.00 (1.00) 23.6 2000 6.00 (1.00)° 23.6
Kruskal-Walls F=3.25 F=9.49
Test” © 12,000 P=0358 © 17,066 P=0.023

(*) P<0.05 in the Kruskal-Wall test indicates means that do not differ significantly. In case they differ (P>0.05), they were individually

compared to the control by the Dunn test.

(**) Means indicated by same letter do not differ significantly (Dunn Test, o = 0.05).
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Table 2. Dose-response relationship between MN frequency and y-radiation exposure for intact and regenerating G. schubarti

planarians. Presented MN frequencies correspond to means of two independent experiments, each of them with at least two replicas.

Gamma No. of d Inli/élll(\:ltq No. of d Reg&%e;ating
.. 0. of score ) 0. of score o0
Radiation (Gy) neoblasts Mean (SE) CV% neoblasts Mean (SE)** CV%
0 2000 0.50 (0.50) 141.4 2440 0.83 (0.05)* 51.6
0.50 4000 2.00 (0.57) 57.1 2330 6.10 (1.30)2”b 30.3
1.00 6000 1.50 (0.64) 86.1 3430 8.21 (1.14)b 24.7
1.25 5000 1.62 (0.55) 68.2 5900 11.65 (1.72)b 33.1
Kruskal-Walls F =250 F=10.26
Test* 17,000 P=0475 14,100 P=0.016

(*) P<0.05 in the Kruskal-Wall test indicates means that do not differ significantly. In case they differ (P>0.05), they were individually

compared to the control by the Dunn test.

(**) Means indicated by the same letter do not differ significantly (Dunn Test, o = 0.05).
Presented data correspond to means of two independent experiments each them with at least two replicas.
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Table 3. Concentration-response relationship between MN frequency and MMS exposure for regenerating G. tigrina and G. schubarti
planarians. Presented MN frequencies correspond to means of two independent experiments, each of them with at least two replicas.

G. tigrina G. schubarti
MMS (<M) No. of scored MN %o No. of scored MN %o
neoblasts Mean (SE) CV% neoblasts Mean (SE)** CV%
0.0 9232 3.70 (0.40)° 20.9 8095 1.73 (0.47)* 68.7
0.8 7965 6.26 (0.31)° 9.8 8136 2.47 (0.46)*® 37.5
1.2 2025 9.89 (1.11)° 15.8 7019 6.70 (1.82)° 472
1.6 4170 6.93 (1.58)"¢ 32.3 8120 5.12 (1.49)° 50.5
2.4 4025 4.22 (0.25)* 8.5 7219 2.70 (0.61)*® 45.5
3.2 4089 3.64 (1.14)* 44 4 4022 1.24 (0.74)* 84.6
Kruskal-Walls P=11.87 P=11.09
Test* © 29,448 P=0037 © 41611 P =0.050

(*) P<0.05 in the Kruskal-Wall test indicates means that do not differ significantly. In case they differ (P>0.05), they were individually
compared to the control by the Dunn test.

(**) Means indicated by the same letter do not differ significantly (Dunn Test, a0 = 0.05).
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Table 4. MN frequency of regenerating G. tigrina and G. schubarti planarians in different times (from O to 144 h) after exposure to a 1
Gy y-ray dose. Presented MN frequencies correspond to means of two independent experiments, each of them with at least

two replicas.

Hours after G. tigrina G. schubarti
No. of scored MN %o No. of scored MN %o
exposure neoblasts Mean (SE)** CV % neoblasts Mean (SE)** CV %
0 4086 2.00 (0.14)* 0.01 4029 1.25 (0.59)* 0.28
24 4014 4.24 (0.61)" 0.09 4055 3.14 (0.49)" 0.09
48 4041 12.11 (1.52)b 0.19 4052 4.94 (1.19)* 0.29
72 4072 11.06 (1.07)b 0.10 4008 8.73 (1.02)b 0.12
96 4054 11.36 (1.25)b 0.14 4091 11.00 (0.15)b 0.00
120 4009 5.99 (0.14)* 0.00 4058 6.17 (1.96)* 0.63
144 4087 5.12 (0.94)* 0.17 4044 3.70 (1.00)* 0.27
Kruskal-Walls P =22.480 F=17.946
Test* © 28,363 P =0.001 © 28,337 P = 0.006

(*) P<0.05 in the Kruskal-Wall test indicates means that do not differ significantly. In case they differ (P>0.05), they were

individually compared to the control (0 hour) by the Dunn test.

(**) Means indicated by the same letter do not differ significantly (Dunn Test, o = 0.05).
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Abstract

Copper (Cu*?) is a common environmental contaminant, which is particularly toxic to
living organisms when in high concentrations. To monitor environmental contaminantion
by Cu** and other heavy metals, well characterized bioindicator organisms and
standardized assays are needed. As a first step toward this end, we have analysed Cu*’
effects upon Girardia tigrina freshwater planarians, based on the assessment of mobility,
regeneration performance, MN frequency in regenerating animals, and reproductive
performance. These four biomarkers provided complementary information on Cu** toxicity,
teratogenicity, mutagenicity and chronicle effects, respectively. The LCsy was calculated
for newborn, adult and regenerating planarians, and values of 12 + 0.02 mg-L™', 42 + 0.08
mg- L', 48 +0.13 mg- L', respectively, were obtained after 96 h of exposure. Mobility, for
intact adults, and time of regeneration and MN frequency, for regenerating animals, were
significantly affected by Cu*> concentrations as low as 0.10 mg-L™'. MN assay for
regenerating G. tigrina neoblasts showed higher sensitivities than MN assays performed
with other bioindicator freshwater organisms, such as moluscs or fish. Chronic exposure
effects were clearly evidenced by assessment of reproductive performance, with significant
reduction in fecundity and fertility rates upon exposure to Cu** concentrations as low as
0.05 mg-L'". Therefore, G. tigrina can be regarded as a useful bioindicator species for the
detection and evaluation of Cu*? effects upon freshwater invertebrates, allowing insights on

the effects of Cu*? (an possibly other heavy metals) in a freshwater environment.

Keywords: heavy metals; biomarkers; teratogenesis; micronucleus assay; regeneration;

reproduction.
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1. Introduction

Recent studies have suggested that the biodiversity of freshwater ecosystems is
being reduced at a fast pace worldwide, and that this reduction is even more accentuated
than that observed in terrestrial ecosystems impacted by the anthropic action (Sala et al.,
2000). The industrial activity mobilizes and disperses metals in freshwater systems at a rate
higher than that expected from natural processes, causing an especially important pollution
problem, since both essential and non-essential heavy metals are highly stable and
persistent in the environment. Although heavy metals usually become pollutants in the form
of chemically simple molecules, their mechanisms of action in biological systems are
complex and need to be better studied (Baker-Austin et al., 2005; Costa, 1991). Within this
context, studies assessing the genotoxic and teratogenic effects of essential heavy metals or
their compounds are of great importance, especially those involving aquatic environments,
where they tend to accumulate.

The copper (Cu**) is an essential micronutrient, but is particularly toxic to living
organisms when in high concentrations (Vargas et al., 2001). It has been commonly related
to water pollution, since copper compounds have been used, for instance, in sewage
treatment (Bhadra, 1992) or as antifungics in agriculture (Sonmez et al., 2006).

The use of aquatic organisms as biological sentinels has proven to be useful for
environmental monitoring (Bebianno et al., 2004; Hutchinson et al., 1997). Natural
occurring endemic species are the organisms of choice, and, for any given monitoring
species, it is interesting that its use viabilizes the evaluation of several biological responses

that deviate from normality upon exposure to a pollutant. Such biochemical, cellular and/or
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physiological parameters describe the concept of biomarkers (Nascimento et al., 20006),
which can be utilized as diagnostic screening tools for environmental monitoring.

Among the organisms proposed for monitoring, freshwater planarians present the
advantages of being particularly susceptible to pollutants and easy and inexpensive to
culture in laboratory, with minimum requirements in terms of infrastructure. Besides, it has
been shown that pollutant agents, like heavy metals, cause morphological, locomotive and
behavioral alterations in planarians (Kalafati¢ et al., 1999), allowing the assessment of their
effects through the analysis of several different biomarkers (Best and Morita, 1991), such
as the activity of enzymes involved in oxidative stress response (Guecheva et al., 2003), the
regeneration capacity (Calevro et al., 1998; Franjevi¢ et al., 2000), the neoblast abnormal
mitotic frequency (Milic-Strkalj et al., 1997), the frequency of chromosomal aberrations
(Kalafati¢ and Taborsak, 1998) and the frequency of cells presenting DNA damage
(Guecheva et al., 2001).

The use of any organism or biomarker for environmental monitoring requires
previous systematic studies to, first, establish the natural behavior of the organism in nature
and in laboratory conditions (Stohler et al., 2004), second, to identify biomarkers altered in
response to environmental conditions (Prd et al., 2005), and, third, to establish the degree of
susceptibility of the organism to specific agents (Chevre et al., 2003). Once established the
organism’s sensitivity to a given agent in concentration ranges just above the level found in
natural environments, and identified one or more biomarkers useful for measuring the toxic
effects of that agent, the organism can be considered potentially suitable for biomonitoring.

We have assessed the sensitivity of a sexual population of the freshwater planarian
Girardia tigrina (Platyhelminthes, Tricladida, Paludicola) to the presence of Cu®* in water.

The Cu®* toxicity, citotoxicity, and genotoxicity for the planarians were established on
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assays that evaluated four biomarkers namely; motility alterations; teratogenic alterations
during re generation; micronucleus (MN) formation in dividing neoblasts, and reproductive
performance. Based on these biomarkers, we have been able to demonstrate that
subchronically exposure of G. figrina to Cu** concentrations within a range of 0.04 to 0.20
mg. L™ causes detectable effects in one or more of the standardized assays, depending on
the developmental stage (adults, regeneratings or newborns) analysed. This allowed us to
propose G. tigrina as a potential bioindicator for monitoring pollution, and mobility,
regeneration, MN and reproductive performance assays as suitable biomarkers to detect

2 . . . . .
Cu”" contamination in aquatic environments.

2. Material and methods

2.1 Animals

The sexual diploid (2n) Girardia tigrina population used in this study was originally
collected from a lotic freshwater environment of Dois Irmaos, Rio Grande do Sul, Brazil,
and has been maintained in our laboratory since 1993 (Knakievicz et al., 2006). Adult (3 to
4-month old, 7-10 mm long) and newborn (3 to 10 days after hatch, 2-4 mm long)
specimens were utilized in the experiments.

Planarians were cultivated and the experiments were performed at 20-22°C, in tanks
with reconstituted water of known composition (Knakievicz et al., 2006; Supplementary
data Table S1), which was changed once a week, for maintenance purposes, or daily, during
experiments (2.3). The planarians were fed once a week with bovine liver, except in the

three days prior to and during each experiment, when they were not fed.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

For experiments involving regenerating specimens, adult planarians were
decapitated essentially as described by Knakievicz et al. (2006). Briefly, each individual
was immobilized over a block of ice and a single cut was made, as precisely as possible,
immediately behind the auricles. After decapitation individuals were immediately exposed

to experimental conditions.

2.2 Chemicals

Copper sulphate, sodium citrate (CAS 6132-04-3) and MTTP medium were purchased
from Synth (Brazil), ISOFAR (Brazil) and Nutricell (Brazil), respectively. Fast green
reagent (CAS 2353-45-9), and gelatin (CAS 9000-70-8) from bovine skin were purchased
from Sigma (USA). Fucsin (CAS 632-99-5) and formaldehyde solution (CAS 50-00-0)

were purchased from Merck (Germany).

2.3 Cu’t exposure and toxicity test

Stock copper solution was freshly prepared in distilled water with CuSO4.5H,O
dissolved to a concentration of 30 mg-L™". The stock solution was dissolved in reconstituted
water (2.1) to final Cu** concentrations from 0.05 to 1.60 mg-L'l, as described in each
experiment. During experiments, the Cu*’-containing water or the Cu**-less water
(controls) was changed daily. In each test, six independent samples of 20 newborn or adult
(intact or regenerating) planarians (divided in 4 containers with 20 ml of water and 5
animals each) were cultured for 96 h, with counts and removal of dead animals every 24 h.

Values of median lethal concentration (LCsg) were calculated using the Epa Probit Analysis
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Program Version 1.5 (parametric samples) and the Trimmed Spearman-Karber (TSK)
Program Version 1.5. (nonparametric samples) (Statistical Analysis for Biological
Methods). LCsq variation coefficients (VC) were calculated as described in Zar (1999).
Interactions between developmental stages and exposure times were verified by variance

analysis of repeated measures of LCsy, data using the General Linear Model (GLM)

procedure (SAS® for Windows™ version 9.1, http://www.sas.com). Differences between
means were statistically evaluated by the Tukey test (Zar, 1999) using SPSS® for

Windows ™ version 8.0 (http://www.spss.com). A value of oo < 0.05 was used in all tests.

2 .
2.4 Cu”t accumulation measurement

For Cu”* content measurements, samples (n = 150) of intact adult planarians were
cultured in water with Cu*? concentration of 0.20 mg: L ! for24 h, 48 h, 72 h and 96 h, with
the Cu**-containg water changed daily. Non-exposed planarians (n = 150) were assumed to
have the Cu*? steady-state concentration (Cg), used as reference. For assessment of the
Cu*? elimination rate, planarian samples were kept for 96 h in water containing 0.2 mg.L™
of Cu™ with daily changes, and, after that, were allowed to recover in reconstituted water
for 24 h, 72 h, 120 h or 168 h.

After the exposure or recovering periods, planarian samples were washed 5 times in
reconstituted water and dried in a centrifugal concentrator (CentriVap Concentrador Cold
Trap, Labconco, U.S.A.). Cu™-content for each sample was determined by acid digesting

0.1 g of a dried planarian sample and submitting it to analysis by flame atomic absorption



10

11

12

13

14

15

16

17

18

19

20

21

22

spectroscopy in a Perkin Elmer 3300 spectrometer (Perkin Elmer, U.S.A.) calibrated with a
titrisol copper-standard solution (Merk). Cu®* concentrations (w/w) are expressed in pg- g

Cu*? concentrations versus exposure times were plotted in graphs and an ascending
curve behavior or a descending one with a tendency to stabilize in levels above the Cy were
taken as evidence of Cu** accumulation. A descending curve, with tendency to stabilize in
levels below Cg was taken as evidence of Cu*? elimination. Curve behaviors were
mathematically described, as proposed by Luoma and Rainbow (2005), to define
accumulation (K, and K) or efflux (K.) rates (expressed in pg-g'-d"' for any time of
exposure or recovery time, respectively). Thus, a Cu** concentration for any given time, t
(Cy of exposure can be calculated from the general exponential function:

C, =Kype" (1)

where A is a rate calculated from measures of Cu** concentration.

The uptake rate for a given time, t (K,) was derived from the general exponential
function above (1) and expressed as:

ke =9Ct @)
dt

Cu** concentrations were expressed differently, depending on the planarian
physiological behavior regarding Cu*? uptake and/or efflux in a given period of exposure or
recovery. The uptake rate (K,) was derived from the experimental measures of Cu*
concentration after the first 24 h of exposure (0 and 1 day of exposure). This represents a
situation in which the Cu™® uptake process is the only one considered, assuming a

neglectable efflux effect. Therefore, this situation was represented by the equation:

C, (0-1)= K, t+ Css (3)
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The accumulation rate (K) was derived from the experimental measures of Cu**
concentration from 24 h to 96 h of exposure (1 to 4 days of exposure). This represents a
situation in which both Cu** uptake and Cu** efflux are considered, being the observed
Cu*? concentrations the results of uptake minus efflux. Such situation was represented by
the equation:

C, (14 = K-¢1" 4)

The efflux rate (K.) was derived from the experimental measures of Cu*
concentrations from 0 h to 168 h of recovering (0 to 7 days of recovering). This represents a
situation in which the Cu*™® efflux process is the only one considered, assuming a
neglectable uptake effect. Such situation was represented by the equation:

Ci0.7) = Kpe " (5)

2.5 Mobility assay

Planarian mobility was measured as previously described (Raffa et al. 2001).
Briefly, each individual was placed into a clear plastic Petri dish, which was placed over a
0.6 cm square grid. The mobility was expressed as the number of gridlines crossed by the
specimen in 30 s of observation. Each mobility assay was independently repeated 3 times
(replicates), each time with 5 different groups of 20 planarians (divided in 4 containers with
20 ml of water and 5 animals each). In a given assay, each planarian group (n = 20) was
cultured in Cu**-containing water (Cu>* concentrations from 0.05 to 0.8 mg-L™") or in Cu**-
less water (controls). Cultures were maintained for 96 h with daily Cu*? solution/water
changes. The mobility data were used to calculate the half-inhibitory concentration (ICsg) in

exposure times of 24 h, 48 h, 72 h or 96 h using the Inhibition Concentration (ICp)



10

11

12

13

14

15

16

17

18

19

20

21

22

23

10

Approach software Version 2.0 (Statistical Analysis for Biological Methods). Interactions
between Cu*” concentrations and exposure times were verified by variance analyses of
repeated measures using the GLM procedure, as described in 2.3. The Dunnett’s test was
used for multiple comparisons to determine the mobility lowest-observed-adverse-effect
concentration (mLOAEC) values, calculated using SPSS® for Windows™ version 8.0

(http://www.spss.com) and SAS® for Windown™ version 9.1 (http://www.sas.com). A

value of o < 0.05 was used in all tests.

2.6 Regeneration assay

Each regeneration assay was independently repeated 4 times (replicates), each time
with 4 different groups of 20 planarians (divided in 4 containers with 20 ml of water and 5
animals each). In a given assay, each planarian group (n = 20) was cultured in Cu**-
containing water (Cu®* concentrations from 0.05 to 0.2 mg-L"') or in Cu**-less water
(controls). Regenerating planarians were followed by daily observations for 4 days by
directly observation in a Zeiss Axiophot microscope. Four regeneration states were defined
according to the sequential appearance of cicatrix, blastema, eyespots and auricles, along
the 96 h typically necessary for full regeneration (Calevro et al., 1998; Knakievicz et al.,
2006). The number of full regenerated animals in each sample was recorded after 96 h of
culture in each given experimental or control condition. The regeneration ICsy and LOAEC

were calculated as described in 2.4.

2.7 In vitro micronucleus assay
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Micronucleus (MN) assays were performed essentially as described by Knakievicz
et al. (manuscript in preparation) using samples of 10 planarians. Intact (adults and
newborns) or regenerating (adults) planarians were incubated in Cu**-containing water for
24 h and transferred for further 48 h in Cu*’-less water, to allow the occurrence of at least
one cell division cycle in a non-inhibitory condition for regeneration. Samples of
regenerating planarians were also exposed to Cu** for 96 h, but, in this case, they were
processed immediately after the exposure time, since, in 96 h, most planarians were fully
regenerated, and, therefore, had already undergone cell division to allow MN generation.

Planarians were then minced in MTTP medium (Schiirmann and Peter, 2001) and
cell suspensions were fixed with formaline prior to spread on microscope slides,
dehydration, and Feulgen/Fast Green staining. One slide was prepared from each sample of
10 planarians submitted to a given treatment or control condition. Cells were visualized in a
Zeiss Axiophot optical microscope and neoblasts were morphologically identified by their
characteristic size, shape, and nucleocytoplasmic ratio. Neoblasts containing one or more
micronuclei were scored as MN positive cells. To determine the MN frequency for a given
condition, at least two slides were analysed. For each slide, two independent counting of at
least 1000 neoblasts each were done, and the scored frequency was the mean of these two
counts. In all experiments, slides were coded to avoid any counting bias. Differences in MN
frequencies among treatments were compared by One-way ANOVA and Dunnett’s test for

multiple comparisons (o = 0.05).

2.8 Reproductive performance evaluation
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The G. tigrina reproduction performance was evaluated by monitoring samples (n =
50) of randomly selected adult planarians. Treated samples were chronically exposed to
water with different Cu®* concentrations (0.05 and 0.20 mg: L'l) for 5 weeks, while control
samples were maintained in the same conditions but without exposure to Cu**. Cocoons
and hatchlings produced by sexual reproduction were counted weekly and transferred to
separated containers. Fecundity was measured as the number of cocoons and fertility was
measured as the number of hatchlings, and the corresponding indexes (Fc and Fr) were
calculated as described (Knakievicz et al., 2006).

Comparisons of reproductive performances were performed using the Friedman’s
test, followed by the Nemenyi test (Zar, 1999). A P value < 0.05 was considered for

statistical significance.

3. Results

3.1 G. tigrina Cu*? accumulation rate

In order to obtain information on the dynamics of Cu™ uptake and efflux in G.
tigrina, Cu** concentration was analysed both for the exposure (from 0 to 96 h) and the
recovery (from O to 168 h) periods and the obtained results are shown in Figure 1. The
planarian body Cu*™ concentration during exposure periods to a Cu** concentration of 0.20
mg.L'1 (i.e. lower than LCs, see item 3.2 below) (Figure 1A) and the corresponding rates

of uptake and accumulation (K, and K) (Supplementary data Table S2) demonstrated that,
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initially (in the first 24 h of exposure), G. tigrina accumulates Cu** in a high rate (91.70
ug g'-d™h), without a detectable effect of Cu*® loss. Later (from 24 to 96 h of exposure), the
curve descending behavior (K values from -27.93 to -6.96 ng-g'-d™") indicates the operation
of Cu™? efflux mechanism(s). However, the balance between uptake and efflux continued to
favor accumulation, demonstrated by the calculated tendency of the curve to stabilize in
Cu*? concentrations above the Cg (26.3 pug-g') (Supplementary data Table S2).

The planarian body Cu** concentration during recovering periods (Figure 1B),
which varied from 73.9 pg-g' (0 h) to 16.6 pg-g' (168 h), and the corresponding efflux
rates (K¢) (Supplementary data Table S2) indicate that G. tigrina undergone progressive
Cu*? elimination by mechanisms that lead Cu** concentration to stabilize in a level below
the Cy. This is understandable, since the reconstituted water does not contain Cu*?, and the

return to the Cs; would be expected only upon feeding on a Cu**-containing source.

3.2 Cu**acute toxicity and teratogenicity

Once established that, under exposure to Cu*>-containing water, G. tigrina stays
with a body Cu™? concentration above the C,, we assessed the Cu*? lethal effects for this
planarian species. Therefore, we determined the LCsy for newborn and intact or
regenerating adult G. tigrina planarians for exposure times of 24 h, 48 h, 72 h and 96 h
(Table 1). Newborn, intact and regenerating planarians differed in their sensitivities to
Cu*?, with the mean LCs values showing statistically significant interactions between
developmental stages and exposure times (P < 0.001, Supplementary data Table S3).

However, it was not possible to detect any clear correlations between developmental stages,
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exposure times and LCsy. For instance, there was no significant difference in Cu*? mean
LCsp between newborn, intact or regenerating planarians in a 48 h exposure time, while, in
the other exposure times, newborns are significantly more sensitive than intact adults (24 h)
or than regenerating planarians (72 h and 96 h). Cu** mean LCsy from intact and
regenerating planarians did not differ significantly in any of the exposure times. Overall,
our LCsy data suggest that newborns are more sensitive to Cu*’, but their degree of
sensitivity in relation to intact and regenerating adults may vary with the time of exposure.

To evaluate Cu*” sub-lethal effects after exposure times from 24 h to 96 h, two
physiological biomarkers, mobility and regeneration performance, were evaluated in G.
tigrina planarians. The results obtained for both mobility and regeneration performance
(Tables 2, 3 and 4) were indicative of significant alterations in response to Cu*>.

The mobility ICsy (mICsp) analysis (Table 2) showed that newborns are apparently
more sensitive to Cu*’, since in many experimental conditions their locomotion was
seriously impaired. Although statistical validation was not possible (see Table 2 footnotes),
this developmental stage can, therefore, be regarded as inadequate to assess the mobility
biomarker in the tested concentrations. For regenerating animals, mobility was impaired in
24 — 72 h of exposure to Cu®. However, we can not exclude that the observed reduction in
mobility was due, at least in part, to the lack of a full regenerated head, since full
regenerated animals (96 h after decapitation) presented mICsy values comparable to those
of intact adults. Intact adult mobility is apparently less affected by Cu** exposure, but the
analysis of intact adults would be more informative about the actual effect of Cu** on this
biomarker, than those of newborn or regenerating adult G. tigrina planarians.

The mobility LOAEC (mLOAEC) of Cu* for newborn and intact or regenerating

adult G. tigrina planarians was also calculated (Table 3; Supplementary data Tables S4-
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S11). Values of mLOAEC as low as 0.10 mg.L"' were obtained for newborn (24 h and 72
h) and regenerating adult (24 h, 72 h and 96 h) planarians. Another mLOAEC behavior was
observed for intact adults, with higher values (0.40 mg.L™") at 24 h and 72 h and lower ones
at 48 and 96 h (0.20 mgL™"). These apparent discrepancies, that do not allow clear
correlations between developmental stage, exposure time and mLOAEC, are possibly a
consequence of the Cu*? biodynamics in G. figrina, which may differ for each of the
analysed developmental stages.

Regarding regeneration performance (Table 4), the appearance of eyespot and
auricles in regenerating animals was significantly affected by Cu*? exposure in comparison
to controls, with a mean rICsy value of 0.11 mg-L'1 for both sensorial structures. An
apparent inverse correlation between eyespots or auricles appearance and Cu*?
concentration was observed. Planarians not fully regenerated after 96 h normally
accomplished their regeneration upon transfer to Cu**less water and culture for additional
3 days. Therefore, although Cu** caused a delay in the time of appearance of eyespots and
auricles in a significant number of individuals, no teratogenic effect, in the form of

malformations, was observed.

3.3 Cu*? mutagenic effects

*2 acute mutagenicity to G. figrina, MN frequency, a cellular

To evaluate Cu
biomarker, was assessed for planarians exposed to water with different Cu** concentrations
for 24 h or 96 h. Initially, newborn and intact and regenerating adults had MN frequencies

analysed after 24 h of exposure (Table 5). Apparent increases in MN frequency were

observed both for newborns and regenerating planarians, although it was significantly
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different from control just in one experimental condition (0.10 mg-L™" of Cu** concentration
for regenerating planarians). For planarians in these two developmental stages, exposure to
Cu*? concentrations above 0.20 mg-L' apparently caused a cytotoxic effect, reverting the
effect of MN increase observed for lower concentrations. Intact adults, on the other hand,
were apparently non-responsive, in terms of MN generation, to the used Cu®
concentration, showing in all of them MN frequencies practically identical to that of the

control (P = 0.805).

The MN frequencies of the more responsive regenerating planarians were then
analysed after exposure for a longer period (96h). Considering the means of 5 independent
experiments (Table 6), it was possible to observe a tendency of increase in MN frequency
(from 3.4 to 6.2 MN/1000 cells) in response to the increase in Cu™ concentration.
However, a statistically significant difference from the control (mean MN frequency of

2.96 MN/1000 cells) was observed only for the exposure to a Cu™® concentration of 0.8

mg-L'l.

3.4 Effect of Cu’* chronic exposure

To evaluate the effect of Cu®* chronic exposure, the reproductive performance of
adult G. rigrina planarians was evaluated during a period of 5 weeks of exposure. Cu*>
concentrations of 0.05 and 0.20 mg-L™' were used, since concentrations 0.4 mg-L™' or higher
were lethal within 2 weeks or less (data not shown). Significant reductions in mean
fecundity and fertility rates were observed in response to both Cu** concentrations tested

(Table 7). A clear detectable effect in reproductive performance upon exposure to Cu** as
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low as 0.05 mg-L"' makes fecundity and fertility rates good biomarkers for assessment of

2 .
Cu™ chronic exposure effects.

4. Discussion

Organisms with well defined biodynamics and adequate biomarkers
regarding pollutants, such heavy metals, are needed for environmental monitoring. Here,
we evaluated alterations in some biomarkers in the freshwater planarian G. tigrina in
response to exposure to Cu* sub-lethal concentrations. Cu,SO; is a reference substance for
toxicity assays and has been used to measure the sensitivity of test organisms prior to their
use in environmental monitoring assays (Zagatto, 2006). The sub-lethal Cu* concentrations
used in our study are within the limits usually found in many natural environments
subjected to pollution, such as those near Cu** smelters or mines, or cropping areas treated
with Cu+2—containing fertilizers or herbicides (Bhadra, 1992; Lukina and Nikonov, 1995;
Sonmez et al., 2006). They are, however, below the Cu*? water concentration (2.00 mg: L'l)
regarded as acceptable by the corresponding environmental Brazilian legislation
(Ministério da Saide, BR), based on less sensitive biomarkers and bioindicator organisms
than those used in this work.

G. tigrina planarians were evaluated in conditions (Cu*® concentrations and
exposure times) in which the Cu** biodynamics (uptake versus loss) determined Cu*
accumulation above its steady state concentration in the control condition. The bioassays
for Cu*? accumulation, performed for intact adult planarians, were assumed to be valid, at

least to some extant, for newborns and regenerating adults.
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The values of Cu®™ LCSO, mlICsy and mLOAEC for newborns and intact or
regenerating adults did not show any clear correlations with developmental stages or
exposure times. This apparent lack of clear correlations, despite the clearly detectable
effects upon viability or mobility, may be consequence of differences in the type or activity
of mechanisms of Cu*™® detoxification that operate in different G. figrina developmental
stages (newborn or adult) or physiological states (intact or regenerating). For instance, it
has been demonstrated that newborns, as a function of their higher body surface/volume
rate in comparison to that of adult animals, would have a different osmotic balance,
possibly more prone to soluble heavy metal uptake (Preza and Smith, 2001).

Despite of the above discussed variations, G. tigrina can be regarded as a useful
organism for assessment of Cu** (and other similar environmental pollutants). G. tigrina
mobility and regeneration performance were both informative of the heavy metal presence
and effect on living organisms. Intact adult mobility (significantly reduced upon Cu*?
exposure) and the time of regeneration (delayed upon Cu* exposure) would be, therefore,
two good biomarkers for Cu*™ exposure.

G. tigrina regeneration was significantly delayed by Cu**-exposure in comparison
to non-exposed control animals. Despite the observed delay, overall regeneration was
normal in Cu**-exposed planarians, since no teratogenic effects (i. e. malformations) were
observed. The observed regeneration delay could be explained by a possible Cu** citotoxic
effect, which would not cause malformations. Cu** may be a poor teratogenic agent for G.
tigrina in comparison to other heavy metals, since Cr™> presented clear teratogenic effects
in regeneration tests, in the form of malformed eyes and auricles, but without causing any
detectable delay in the overall regeneration process (T. Knakievicz & H.B. Ferreira,

unpublished results).
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Cu*? mutagenicity was assessed by MN assays, demonstrating that, in the tested
conditions, Cu™ was poorly mutagenic. This observation is in agreement with the
observation that, in Girardia schubarti, Cu*? would not be directly harmful to DNA, with
its genotoxic effect being essentially upon DNA repair (Guecheva et al., 2001). Despite of
the Cu** low mutagenicity, our MN assay was able to detect Cu*” effects in concentrations
as low as 0.10 mgL"' for regenerating planarians. The higher sensitivity of regenerating
planarians in MN assays was probably due to the fact that they undergo a higher
proliferation rate than intact newborn or adult individuals (Bagufia, 1976). Due to its
practicity and sensitivity, the regenerating G. tigrina MN assay present advantages in
comparison to MN assays performed with other bioindicator aquatic organisms, such as
moluscs (Villela et al., 2006) or fish (Cavas et al., 2005).

Cu*? also caused detectable effects on reproductive performance upon chronicle
exposure to concentrations as low as 0.05 mg-L™'. Both fecundity and fertility rates are,
therefore, good biomarkers for assessment of Cu*™ chronic exposure effects, in agreement
with results in similar tests performed with the planarian Polycelis temuis (Indeherberg et
al., 1999). These tests with planarians present similar sensitivity and advantages in
simplicity in comparison, for instance, to the sea urchin sperm cell bioassay, used as an
indirect parameter to evaluate reproductive performance upon chronicle exposure to

pollutants in marine environments (Bielmyer et al., 2005).

5. Conclusion

Overall, we can conclude that G. figrina is a good bioindicator organism for the

detection and evaluation of Cu' effects in freshwater environments. Assays of adult
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mobility, regeneration performance, MN frequency in regenerating animals, and
reproductive performance allow to obtain complementary information on toxicity,
teratogenicity, mutagenicity and chronicle effects upon populations, respectively. These
assays provide evidence of Cu*” effects upon different levels of biological organization, i.e.

from the cellular to the population level.
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Figure caption

Figure 1. The G. rigrina biodynamics of Cu** concentration in periods of exposure (A) and
recovery (B), as described in Materials & Methods. Dots represent experimental
mesurements of Cu+2 concentration after each given time (days) of exposure or recovery.
The curves (continuous lines) were calculated using formulas (3), (4) and (5) (see Material
& Methods), in order to describe periods of Cu'? uptake (from day O to 1, in A), Cu*?
accumulation (from day 1 to 4, in A), and Cu*? efflux (from day O to 7, in B), respectively.
The traced lines correspond to the steady-state Cu*” concentration (Cs), measured for non-

exposed planarians.
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1 Table 1. Cu** lethal concentrations (LCsg) for newborn and adults (regenerating and intact) planarians exposed to water with different
2 Cu®* concentrations. Each replicate (I, IT or IIT) consisted of six samples of 20 planarians, with each sample cultured in Cu*-less
3  water (control) or in water with a given Cu** concentration (0.10, 0.20, 0.40, 0.8, or 1.6 mg.L'l). Cultured planarians were followed for

4 96 h, with counts every 24 h for death recording.

LCso (mg-LH®

Replicate Newborn (intact) Adult (intact) Adult (regeneranting)

24h 48 h 72 h 96 h 24h 48 h 72 h 96 h 24h 48 h 72 h 96 h

I 0.32 0.24 0.15 0.14 0.76 0.5 0.47 0.48 0.60 0.60 0.59 0.59
II 0.24 0.19 0.15 0.11 0.62 0.5 0.50 0.44 0.56 0.54 0.54 0.53
111 0.27 0.24 0.11 0.11 0.46 0.33 0.33 0.33 0.32 0.36 0.32 0.32

Mean LC;, 027 + 022+ 0.14 + 0.12 + 0.61+ 0.44 + 043 + 042+ 0.49 + 0.50 + 0.48 + 0.48 +

+SD? 0.04® 0.03© 0.02@ 0.02 0.15® 0.10© 0.094® .08 0.12@» 0.12© 0.13@ 0.13®

VCyicso 0.15 0.13 0.17 0.14 0.24 0.22 0.21 0.19 0.25 0.26 0.29 0.28

5  SD, standard deviation; VCjcs9, LCso variation coefficients.
6 DYcur LCs values were independently calculated in each test for exposure times of 24 h, 48 h, 72 h and 96 h.

7 @ Each mean LCs value (mg-L™") corresponds to the mean of the Cu*? LCs values of the 3 replicates for a given exposure time.
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1 Statistically significant differences between mean LCs, values from newborn, intact and regenerating planarians in corresponding

2  exposure times are significantly different when indicated by different letters (a, b, for 24 h; c, for 48 h; d, e, for 72 h; f, g, for 96 h).



1 Table 2. Cu** mobility inhibitory concentration (mICsp) for newborn and adults (regenerating and intact) planarians exposed to water

2 with different Cu** concentrations. Each replicate (I, IT or IIT) consisted of five samples of 20 planarians, with each sample cultured in

3 Cu**-less water (control) or in water with a given Cu** concentration (0.05, 0.10, 0.20, 0.40, or 0.8 mg.L'l). Planarians were cultured

4 for 96 h, with the mobility of each individual in a sample assessed at 24 h intervals.

mlCs (mg-L'l) M
Replicates
Newborn (intact)® Adult (intact) Adult (regeneranting)@
24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 48 h 72h 96 h
I 0.25 0.15 NC NC 0.36 0.36 0.36 0.21 0.25 0.16 0.50
1I NC NC NC NC 0.47 0.51 0.42 0.36 0.27 0.35 0.30
11T 0.22 0.19 0.09 NC 0.38 0.37 0.31 0.25 0.20 0.10 0.10
Mean mICs,
0.23+£0.02 0.17+0.03 0.09 NC 0.40+0.06 041+0.08 036+0.06 0.27£0.08|0.24 £0.04 0.20+0.13 0.30 £0.20
+ Sp¥W
mvV Ceso 0.09 0.17 NC NC 0.15 0.20 0.15 0.28 0.15 0.64 0.67

5  SD, standard deviation; mVCjcsg, mICso variation coefficients. .

6 U Cu* mICs, values were independently calculated in each test for exposure times of 24 h, 48 h, 72 h and 96 h.

7 @ In certain experimental conditions (Cu** concentrations and exposure times), G. tigrina newborns did not locomote, inviabilizing
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the mIC50 calculation. These situations are denoted by NC (not calculated).

®) Within 24 h of decapitation, G. tigrina planarians little or do not locomote; therefore this exposure time was excluded from mobility

analysis for regenerating planarians.

@ Each mean mICs, value (mg-L™") corresponds to the mean of the Cu*> mICs values of the 3 replicates for a given exposure time.



Table 3. Cu®* Lowest-observed-adverse-effect concentration (mLOAEC) values concerning mobility for newborns and adults (intact or

regenerating).

Developmental stage

mLOAEC? of Cu™ mg.L”

24h 48 h 72h 96 h
Newborn 0.10 0.20 0.10 NC
Adult (intact) 0.40 0.20 0.40 0.20
Adult (regenerating) 0.10 0.20 0.10 0.10

NC, not calculated.

*LOAEC values were calculated by Variance analyses through General Linear Model (GLM) procedure for repeated measured of

mobility data, following by Dunnett’s test for multiple comparison (supplementary material).
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Table 4. Cu®* regeneration inhibitory concentration (rICs) for newborn and adults (regenerating and intact) planarians exposed to

water with different Cu** concentrations. Each replicate (I, II, IIT or IV) consisted of four samples of 20 planarians, with each sample

cultured in Cu**-less water (control) or in water with a given Cu** concentration (0.05, 0.10 and 0.20, mg: L'l). Planarians were

cultured for 96h, with the regeneration stage of each individual in a sample scored by the end of that time.

Eyespots Auricles
Cu** mg-L™* Test®
Mean + SD? Mean = SD?
I I 111 v I 1I 111 v
Control 20 18 17 15 17.6 2.0 20 18 17 14 173+25
0.05 17 15 18 9 14.8+4.0 17 15 18 9 14840
0.10 18 7 7 10 10.8 + 5.0% 20 7 8 8 10.8 6.2
0.20 5 5 5 9 5.3 +£2.9% 4 5 2 9 5.0 +2.9%
rICsy® 0.16 0.08 0.09 NC 0.11 +0.04 0.16 0.09 0.09 NC 0.11 +0.04

NC, not calculated.

' Number of animals in each sample with eyespots or auricles recorded after 96 h of culture in each given experimental condition.

@ An asterisk (+) denotes means differ significantly of control compared by Dunnett’s test for multiple comparisons (o = 0.05) to

ANOVA, P = 0.004 for eyespots and P = 0.007 for auricles.
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1 @ Cu* 1ICsy values, expressed in mg-L™', were independently calculated in each test and means + SD values for both eyespots and

2 auricles for exposure time of 96 h.
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2

4

5

Table 5. Neoblast MN frequency of the newborn, regenerating and intact adult G. tigrina exposed to water without Cu*? (control) or

with Cu*? concentrations of 0.05 or 0.80 mg.L™" for 24 h and they were following in cultive water for over 48 h.

Newborn Adult (intact) Adult (regenerating)
Cu*? (mg-L'l) MN/1000 MN/1000 MN/1000
MN (cell)” MN (cell) ! MN (cell) ¥
Mean = SD Mean = SD Mean + SD?

0.00 13 £ 4064 3.19 £0.98 8 (4086) 1.97 £0.03 14 (4091) 3.42 £0.05
0.05 13 £4037 3.22£0.34 9 (4050) 223 £1.05 15 (4059) 3.68 £ 0.34
0.10 22 £ 4060 545 %£2.15 11 (4007) 2.74 £0.35 30 (4043) 7.43 £2.87*
0.20 25 +4049 6.19 +1.83 11 (4048) 2.71 £1.01 20 (4018) 4.98 £0.03
0.40 25 +4048 6.19 £0.39 11 (4052) 2.72 £1.07 21 (4134) 5.06 £0.90
0.80 23 +4135 5.51 £0.26 13 (4085) 3.16 £0.94 8 (4050) 1.98 £0.71

Statistic F5,24 =2.48 F5,24 =0.45 F5,24 =5.34

NA NA NA

analysis"” P=0.070 P =0.805 P=0.003

NA, not applicable.

M Total number of micronucleated neoblasts and within parenthesis total number of analysed neoblasts from two tests.
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1 @ An asterisk (+) denotes mean differ significantly of control compared by Dunnett’s test for multiple comparisons (o = 0.05).

2 @ Variance analysis performed as described in the Materials and Methods section.



10

1 Table 6. Neoblast MN frequency of the regenerating G. tigrina exposed to water without Cu*? (control) or with Cu** concentrations of

2 0.100r 0.80 mg.L™" for 96 h.

3
Control 0.10 mg.L™” 0.20 mg.L” 0.40 mg. LT 0.80 mg.L™
Test MN/1000 MN/1000 MN/1000 MN/1000 MN/1000
MN (cell)” MN (cell)” MN (cell)” MN (cell)” MN (cell)”
neoblast neoblast neoblast neoblast neoblast
I 7 (2029) 3.45 7 (2002) 3.50 7(2022) 3.46 12 (2001) 6.00 9 (2001) 4.50
i} 8 (2054) 3.89 8 (2024) 3.95 10 (2052) 4.87 17 (2029) 8.38 9 (2082) 432
11 5(2029) 2.46 5(2015) 2.48 11 (2078) 5.29 16 (2014) 7.94 17 (2007) 8.47
v 6 (3029) 1.98 7(2016) 3.47 6 (2000) 3.00 6 (2369) 2.53 11 (2232) 4.93
\% 6 (2005) 2.99 13 (3016) 431 9 (2007) 4.48 14 (3142) 4.46 18 (2045) 8.80
Mean % SD* NA 2.96 +0.76 NA 3.54 £0.69 NA 422 +0.96 NA 5.86 +2.44 NA 6.20 + 2.23*

4  NA, not applicable.

5  Total number of micronucleated neoblasts and within parenthesis total number of analysed neoblasts in each test.

6 @ The asterisk (+) denotes mean differ significantly of control (One-way ANOVA, Fy,5 = 3.930, P = 0.016) compared by Dunnett’s

7 test for multiple comparisons (o = 0.05).
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Table 7. Reproductive performance of G. tigrina adult samples exposed to water without Cu*? (control) or with Cu*? concentrations of
0.05 or 0.20 mg.L-1. Samples (n = 50) were followed for five weeks with weekly counts of cocoons and newborns. Fc and Fr indexes

were calculated and statistical analyses were performed as described by [21].

Exposure condition Mean Fc (SD)"” Fr (SD) ¥
Control 0.92 (0.76) 0.64 (0.33)
0.05 mg.L’! 0.44 (0.56)* 031 (0.21)*
0.20 mg.L’! 0.49 (0.56)* 0.24 (0.31)
Y =6.52 x*=17.60
Friedman test P=0.04 P=0.02
N=5 (3) N=5 (3)

() Mean # standard deviation (SD) of Fc indexes calculated weekly for each experimental sample. An asterisk (+) denotes Fc or Fr
means which differ significantly from the corresponding index calculated for the control sample (Nemenyi test, o0 = 0.05).
@ Mean + SD of Fr indexes calculated weekly for each experimental sample. An asterisk () denotes Fr means which differ

significantly from the corresponding index calculated for the control sample (Nemenyi test, o = 0.05).



12

1 ® For the Friedman test, N corresponds to the number of different Fc or Fr indexes (five, one for each week for each sample) used to

2  calculate the corresponding means.
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3.4 Capitulo IV - Avaliacao da capacidade de regeneracao e da
longevidade de G. tigrina e G. schubarti
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3.4.1 Introducao

Planarias sdo organismos Unicos no reino animal quanto a presenca de
uma populacdo especial de células totipotentes, os neoblastos (REDDIEN &
SANCHEZ ALVARADO, 2004). A importancia dos neoblastos na biologia dos
turbelarios é amplamente reconhecida. Eles s&o responsaveis pelo
restabelecimento de todos os tipos celulares durante o desenvolvimento,
crescimento, regeneracado e reposicdo de células mortas. Para o estudo dos
mecanismos moleculares da manutencdo dos neoblastos das planarias, é pré-
requisito conhecer a longevidade das planarias e as alteragcdes na capacidade
regenerativa e reprodutiva decorrentes do aumento da idade. A capacidade
regenerativa e a capacidade reprodutiva sdo dois parametros indiretos que
permitem avaliar a homeostase dos neoblastos ao longo da vida das planarias.

Para atingir os objetivos, este trabalho foi subdividido em duas etapas:

12 Verificar a capacidade de regeneracado de individuos juvenis e adultos das
espécies G. tigrina (GtPop1, linhagem sexuada) e G. schubarti (GsPop1,
linhagem sexuada, e GsPop2 e GsPopg3, linhagens assexuadas) através da
quantificacdo do tempo de regeneracao da cabeca em individuos previamente

decapitados.

2% Acompanhar o ciclo de vida da populagdo G. tigrina sexuada (GtPop1) e das
populacées G. schubarti assexuadas (GsPop2 e GsPop3) para verificar o
efeito da longevidade sobre a reproducdo sexuada atraveés dos indices de
fertiidade e fecundidade, e sobre a reprodugdo assexuada através dos
indices de fissiparidade, respectivamente.

3.4.2 Materiais e Métodos
3.4.2.1 Planarias

As espécies e populagbes de planarias estudadas foram G. tigrina,
dipléides adultas (GtPop1, com idade de 3 a 4 meses e com 10 - 13 mm de
comprimento); G. schubarti, em dipldides jovens (GsPop1, com idade de 3 a 4
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meses e com ~ 8 - 10 mm de comprimento), em dipléides adultos (com idade
superior a 18 meses e com 20 - 30 mm de comprimento) e em mixopldides
(populacao fissiparitaria) (GsPop2 e GsPop3, com idade indeterminada e com ~

15 mm de comprimento).

3.4.2.2 _Avaliacao da capacidade regenerativa das planarias G. tigrina e G.
schubatrti.

A capacidade de regeneracdo de G. tigrina (dipléides) e G. schubarti
(dipléides e mixopldides) foi avaliada através da determinacdo do tempo
necessario para o surgimento das auriculas e ocelos ap6s decapitacdo, como
descrito no Capitulo |, e através da mobilidade das planarias durante o processo
de regeneragdo, como descrito no Capitulo Ill. Durante os experimentos, as
planarias regenerantes eram mantidas em condi¢gbes padrdes de temperatura (21
+ 2°C), fotoperiodo (C:E, 12h:12h) e luminosidade (35 FC), ou em condicoes
modificadas de temperatura (28 + 2°C), de luminosidade (0; 0,1; 8; 40,5 e 46,2
FC) de fotoperiodo, (claro constante, C:C, e escuro:escuro, E:E) ou na presenga
de campo eletromagnético (CEM) fraco (834 MHz, 32-54 V/m) por 8 h/dia durante

o periodo de regeneracgéao.
3.4.2.3 Avaliacao da ciclo de vida das planarias G. tigrina.

A sobrevivéncia, a fertilidade e a fecundidade de populacdes de G. tigrina
dipléides foram analisadas como descrito no Capitulo I, para avaliacdo do efeito
da densidade populacional, da quantidade de sais na agua de cultivo e da
longevidade. Para verificar o efeito da densidade populacional sobre a
reproducéo, populacdes com 20 a 60 individuos-L' foram monitoradas por 14
semanas. Para verificar o efeito da quantidade de sais na agua sobre a
reproducéo e a longevidade, populacdes com inicialmente 60 individuos-L ™ foram
monitoradas por ~189 semanas em agua com concentragcdo padrdao, com reducao
de 50% e com acréscimo de 3x na quantidade de sais.

3.4.2.4 Andlises estatisticas.

Os procedimentos estatisticos utilizados estdo descritos nos Capitulos | e
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lll, seccdo Material and Methodos — 2.5 Mobility assay e 2.6 Regeneration assay.
3.4.3 Resultados

3.4.3.1 Avaliacdo da capacidade regenerativa de planarias G. tigrina e G.
schubarti.

Em condigdes padrées, 21 + 2°C, fotoperiodo C:E (12h:12h) e
luminosidade de 35 FC, para planarias diploides e adultas da espécie G. tigrina foi
observado que o surgimento de ocelos e auriculas ocorre no 3% ou no 4° dia apos
a decapitacao (Capitulo Ill, Table 4), assim como para planarias jovens dipléides
e as mixopléides da espécie G. schubarti (Figura 2E,D e 3E,D). No entanto, para
planarias dipldides e adultas da espécie G. schubarti foi requerido o dobro do
tempo para o surgimento dessas estruturas (ver Capitulo ). Portanto, para a
espécie G. schubarti, os jovens diploides e os mixopléides tém similar capacidade
de regeneracao e regeneram mais rapido do que os adultos dipléides.

No entanto, alteragcdes no tempo de regeneracao podem ser introduzidas
através de alteragdes das condigcdes ambientais. O efeito da luminosidade de 0 a
46,2FC sobre o tempo de regeneracao da cabeca de planarias G. tigrina dipldides
adultas decapitadas foi avaliado. Nao houve diferencgas significativas no tempo de
regeneracao nas luminosidades testadas (0,1 a 46,2). No entanto, luminosidade
constante (C:C) de 35 FC acelerou o tempo de regeneragcdo (Figura 4A),
enquanto que a auséncia total de luz (0 FC) retardou a regeneragédo em mais de 4
dias. As alteracdes na regeneracdo causadas pela presenca de CEM foram
similares em G. tigrina e G. schubarti (Figura 4B). O aumento na temperatura
causou reducdo no tempo de regeneragédo em G. tigrina (2n) (Figuras 4C e 4D) e
em G. schubarti (2n/3n) (dados ndo-mostrados).
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Figura 2. Anadlise de diferentes parametros para acompanhamento do processo de regeneracao
de G. schubarti 2n jovem (2 - 3 meses de idade). Os graficos da coluna da esquerda
correspondem aos fragmentos da cabeca, os da coluna central correspondem aos fragmentos do
meio do corpo e os da direita correspondem aos fragmentos da cauda. Parametros analisados: A)
movimento dos regenerantes (numero de linhas cruzadas por unidade de tempo); B) tamanho dos
regenerantes (cm); C) Correlacdo de Pearson entre mobilidade e o tamanho dos regenerantes; D)
tempo necessario (dias) para surgimento (detectado visualmente, em lupa) dos primeiros
rudimentos dos ocelos; E) tempo necessario (dias) para surgimento (detectado visualmente, em

lupa) dos primeiros rudimentos das auriculas.
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Figura 3. Andlise de diferentes parametros para acompanhamento do processo de regeneracéo

de G. schubarti mixoploide (populagao clonal). Os graficos da coluna da esquerda correspondem

aos fragmentos da cabeca, os da coluna central correspondem aos fragmentos do meio do corpo

e os da direita correspondem aos fragmentos da cauda. Parametros analisados: A) movimento

(nimero de linhas cruzadas por unidade de tempo); B) tamanho (cm); C) Correlacdo de Pearson

entre mobilidade e o tamanho dos regenerantes; D) tempo necessario (dias) para surgimento

(detectado visualmente, em lupa) dos primeiros rudimentos dos ocelos; E) tempo necessario (dias)

para surgimento (detectado visualmente, em lupa) dos primeiros rudimentos das auriculas.
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Quanto ao tamanho do fragmento em regeneracdo, para G. tigrina néo
foram observadas alteracbes significativas no comprimento dos fragmentos
regenerantes (dados ndo mostrados), assim como para ambas as ragas
cromossdmicas dipléide e mixoploide de G. schubarti (Figuras 4B e 5B,
respectivamente), independentemente da regido do corpo (regides cefalica, média
e caudal) regenerada. Portanto, em ambas as espécies, durante o processo de
regeneracao, foi(ram) formada(s) a(s) parte(s) perdida(s) e foi restabelecido o

padrao corporal sem alteragées do comprimento dos regenerantes.
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Figura 4. Efeito da temperatura, do CEM e da temperatura sobre a regeneracao de planarias. As
barras claras representam regenerantes G. tigrina diploides e as barras pretas representam
regenerantes G. schubarti (mixopl6ide). A) Efeito do fotoperiodo; B) efeito do CEM; C) efeito da
temperatura sobre a regeneragéo dos ocelos e D) efeito da temperatura sobre a regeneragao das
auriculas.

Quanto a mobilidade dos regenerantes, foi observado para G. tigrina
(Capitulo Ill, Secao Supplementary Material — Table 5S) e para ambas as racas
cromossémicas de G. schubarti (Figuras 2A e 3A, respectivamente) que a
velocidade de deslocamento é retomada simultaneamente com o surgimento dos

ocelos e das auriculas. Para a raga cromossdomica dipldide G. schubarti, h&
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correlacdo significativa entre a quantidade de movimento e o tamanho dos
fragmentos regenerantes da cabeca, do tronco ou da cauda (Figura 2C).
Entretanto, para os mixopldéides ndo ha correlagdo entre mobilidade e o tamanho
dos fragmentos regenerantes para quaisquer partes do corpo (Figura 3C). Essa
diferenca de mobilidade entre as racas sexuadas e assexuadas de G. schubarti
pode refletir diferencas de pressdes adaptativas dos individuos dipléides e

mixoploides.
3.4.3.2 Densidade e estabilidade populacional em G. tigrina.

Para verificar o efeito da densidade sobre a estabilidade populacional e a
reproducao, populacdes de G. tigrina com 20 a 60 individuos/litros, de diferentes
idades, foram monitoradas por ~14 semanas. Foi observado que populagdes
jovens (3 a 6 meses) sdo menos férteis que populagdes com um ano ou mais de
vida (Figura 5A). E populagdes com mais de 60 individuos-L™ apresentam maior
mortalidade, estabilizando o nimero de individuos em ~ 40 individuos-L™ (Figura
5B). Também foi observado que os maiores e menores indices de Fc e Fr
ocorreram em populacdes menos e mais densas, respectivamente (Figuras 5C e
5D).
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Figura 5. Efeito da densidade populacional sobre a reproducédo sexuada e a sobrevivéncia de G.
tigrina. A) Efeito da idade sobre a Fc (linhas representam o nimero de casulos/individuo/semana);
B) efeito da densidade populacional sobre a sobrevivéncia (linhas representam o namero de
individuos); C) correlagdo entre a densidade populacional e o Fc (nimero de
casulos/individuo/semana); D) correlacdo da densidade populacional e o Fr (nimero de

filhotes/individuo/semana).

O cultivo de populagdes de G. tigrina pelo periodo de ~200 semanas de
2002 a 2007 foi monitorado. Nas duas populag¢des (Figuras 6A e 6B) mantidas em
quantidade de sais padrdo, o aumento da idade dos individuos aparentemente
diminui a taxa de reproducdo (Figuras 6E e 6F); no entanto, ndo ocorre

diminuicao da producao de gametas (dados nao mostrados).

A reducédo de 50% da quantidade de sais na agua de cultivo causa uma
redugdo similar no numero de individuos (Figura 6C), e um aumento de 3x na
concentracao de sais reduz a longevidade das planarias a ~ 60 semanas (Figura
6D). No entanto, a concentracdo de sais parece nao afetar a Fc (Figura
6E,F,G,H). Dentro da janela de tempo monitorada, observou-se que 0 aumento da
idade dos individuos aparentemente diminui a taxa de reproducao (Fc),

independentemente da concentracao de sais da agua de cultivo.

N

H. individuos

H. individuos
H. individuos
H. individuos

2o EX) EX) EX

Figura 6. .A sobrevivéncia de G. tigrina e sua capacidade reprodutiva (Fc) foram monitoradas por
~200 semanas através do numero de individuos sobreviventes e de sua fertilidade (Fc). A e B)
sobrevivéncia de individuos cultivados em agua de cultivo com quantidade de sais padrédo; C)
sobrevivéncia de individuos cultivados em agua de cultivo com 50% de redugao na quantidade de
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sais; D) sobrevivéncia de individuos cultivados em agua de cultivo com 150% de acréscimo na
guantidade de sais; E, F, G e F) fertilidade de individuos cultivados nas condi¢des descritas em A,

B, C e D, respectivamente.

Esses resultados sugerem que uma porcentagem dos individuos de G.
tigrina é mais longeva do que outros. A producado de gameta nessas populacdes
(Figura B, com ~5 anos de idade) nao difere da que ocorre em outras mais jovens
(com ~4 e ~3 anos de idade). Provavelmente, a diminuicdo da fertilidade
observada pode ser devido a reducdo da viabilidade dos gametas produzidos, e

nao devido a sobrevivéncia diferencial dos individuos menos férteis.
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4. Discussao final

A caracterizagdo bioldgica (ciclo de vida, modo de reproducéo e ploidia)
das populacées nativas de G. tigrina e G. schubarti e 0 desenvolvimento de novos
métodos de diagnéstico de fendtipos diferenciados (testes de toxicidade,
teratogenicidade e mutagenicidade) sdo relevantes para o estudo das células-
tronco, uma vez que estas sdo responsaveis ndo sO pela capacidade de
regeneracdo (BAGUNA et al., 1989), mas também pela homeostase de todos os
tecidos desses organismos (REDDIEN et al 2005a; 2005b) e pela producao de
suas células germinativas (SATO et al., 2006).

A espécie G. tigrina apresenta duas racas cromossdmicas - a dipléide e a
tripldide, e a espécie G. schubarti apresenta trés ragas cromossdmicas - a
dipléide, a tripldide e a mixopldide (KNAKIEVICZ et al, 2007). Em ambas as
espécies, as racgas tripldides e a raga mixopléide da espécie G. schubarti
distinguem-se das racas dipldides por serem exclusivamente fissiparitarias e
terem tamanho corporal menor do que as ragas cromossémicas dipldides (ver

Capitulo 1).

E amplamente conhecido que mudangas no tamanho do genoma por
multiplicagdes do genoma causam diversidade morfolégica em animais e em
plantas (GREGORY, 2005). Em anfibios, o aumento da ploidia causa uma
simplificagdo do sistema neuronal e diminuigdo do numero de células nervosas
(GREGORY, 2003) e, em planarias, causa diminuicao consideravel do tamanho
corporal, assexualidade e diferencas de adaptabilidade a temperatura ambiental
(ver Capitulo 1). Sabe-se que o numero de células nervosas de planarias esta
intimamente correlacionado com o tamanho corporal (OVIEDO et al., 2003) e com
a manutencdo do numero de células-tronco (GUO et al., 2006). Por exemplo, o
gene cintillo de S. Mediterranea € expressado em neurdnios sensoriais que
variam em numero proporcionalmente ao tamanho do animal (OVIEDO et al.,
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2003). Além disso, HORI & KISHIDA (1998) observaram que a decapitacao de
planarias acelera a frequéncia de fissiparidade, provavelmente devido ao
decréscimo nas concentragbes de neurotransmissores (YOSHIZAWA et al.,
1991). E provavel que a proporcdo de tecido especifico, nimero de células,
tamanho do genoma, tamanho do animal e condicdes ambientais sejam
intrinsecamente regulados. A interligacao desses fatores pode ser parte do
mecanismo de determinagdo do modo de reproducdo (sexuado ou assexuado)
em planarias. Como a interligacdo das fung¢des-chave das células diferenciadas e

indiferenciadas, tais como heranca e adaptagao, respondem a selecdo natural
permanece a ser esclarecido (HSIN & KENYAN, 1999).

Além disso, sabe-se que em individuos mixopldides da espécie G.
schubarti o aumento na disponibilidade de nutrientes aumenta a proporcao de
células 3n; entretanto, um aumento na propor¢ao de células 3n parece nao afetar
a freqiéncia de fissiparidade (Figura 7). Assim, os organismos mixoploides, nos
quais as células 2n e 3n compartilham o mesmo nicho, também podem ser Uteis
na compreenséo das inter-relagées numero de células/tamanho do genoma, e dos

processos de diferenciagao celular.

Figura 7. Flutuacdes na proporgéo de células tripldides (cinza) e dipléides (preto) em individuos G.
schubarti mixopléide (GsPop2). DN = dieta normal, alimento fornecido semanalmente; RC =
restricdo calérica, alimento fornecido a cada 20 dias; DC = dieta caldrica, alimento fornecido a
cada 4 dias. A) RC constante, de 1993 a 1996 (UFRGS); B) RC constante, de 1983 a 2000
(UNISINOS); C) DN, de 1996 a 1999; D) DC, durante seis meses em 1999; E) populacédo
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amostrada em D, submetida a RC por 9 meses, 2001; F) populagédo amostrada em D, sob DC por
mais 9 meses, 2001. (modificado de KNAKIEVICZ, 2001).

Outra questéo interessante € a que envolve a elucidagdo dos mecanismos
determinantes da longevidade dos organismos. Ha uma correlacéo positiva entre
a proporcdo tamanho do cérebro/tamanho do corpo e a longevidade dos
organismos, especialmente em mamiferos (MATTSON et al., 2002). Isso sugere
um papel para o cérebro na determinagdo da longevidade, provavelmente
associado a capacidade do cérebro de estimular rotas de sinalizacao celular que
aumentam a resisténcia a estresses oxidativos (KARBOWNIK et al, 2001;
REITER, 2003) e/ou por sua interacdo com as células-tronco (GUO et al., 2006;
REUTER & KRESHCHENKO, 2004). Em C. elegans, um aumento na longevidade
do organismo ocorre quando as células-tronco da linhagem germinativa séo
mortas (HSIN & KENYAN, 1999). Em G. schubarti, os individuos assexuados
(tripléides e/ou mixopldides) sdo mais longevos e menores do que os sexuados
(dipléides) (ver Capitulo I).

O aumento da idade, tanto para a G. tigrina sexuada (Figura 6) quanto para
a G. schubarti assexuada, parecem ter pouco efeito sobre a reproducao (ver
Capitulo 1). Provavelmente, planarias contam com mecanismos eficientes de auto-
selecdo de neoblastos normais e eliminacdo dos anormais (KALAFATIC et al.,
2004; ver Capitulo IlI), os quais podem compensar as desvantagens da
reproducdo assexuada a longo prazo (RICE, 2002). Se a proporcédo tamanho do
cérebro/tamanho do corpo e/ou tamanho/quantidade de células fazem parte de
mecanismos que regulam a manutengdo das células-tronco e sua progénie
(células germinativas e células somaticas) permanece para ser esclarecido.
Também devem ser investigadas as possiveis correlacées de tais mecanismos
com o modo de reproducao (sexualidade e/ou assexualidade) e a longevidade em

planarias.

Devido a excepcional capacidade de regeneragcdo das planarias e a
presenca de uma grande populacdo de células-tronco proliferativas, inclusive nos
organismos adultos, o0 uso desses organismos para avaliacdo dos riscos
biolégicos dos poluentes tem se mostrado promissor (GUECHEVA et al., 2001,
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2003; PRA et al., 2005). As planarias fornecem informacdes complementares do
efeito toxico, teratogénico, mutagénico e crénico das amostras avaliadas através

de bioensaios simultédneos (Ver Capitulo IlI).

Esse conjunto de bioensaios (Figura 8), além ser Gtil a ecotoxicologia, pode
auxiliar na obtencao de fenétipos diferenciados para o uso em estudos de
desenvolvimento. A obtencdo de fenétipos diferenciados bem caracterizados,
aliada aos métodos avancados ja disponiveis para outras espécies de planarias,
tais como RNAi (SANCHEZ ALVARADO & NEWMARK, 1999), marcacdo com
BrdU, (NEWMARK & SANCHEZ ALVARADO, 2000), bancos de dados de EST
(ZAYAS et al., 2005), microRNA (PALAKODETI et al., 2006) e outras; podem ser
recursos complementares uteis. Por exemplo, o conhecimento dos mecanismos
moleculares envolvidos no processo de regeneragdo da SNC de planarias
disponiveis (MINETA et al, 2003; INOUE et al, 2004), aliado a analise
comparativa do efeito simultaneo tdxico, teratogénico e/ou mutagénico de agentes
que interferem em rotas de sinalizacao conhecidas, pode auxiliar na obtencéo de
linhagens sensiveis a poluentes ambientais especificos de interesse para a saude

humana ou dos ecossistemas.

Decapitacao

24h 48h 72h 96h
| | | | |

MN
exposicao

Figura 8. Esquema de exposicdo de planarias a substancias de interesse. A) Planarias
regenerantes (ii) sdo obtidas pela decapitacdo de planarias intactas (i) que completam a
regeneracdao em 72 h a 96 h (iii). B) Procedimento de exposicdo de planarias intactas (A-i) ou
regenerantes (A-ii) e troca de solugdo-teste a cada 24 h, seguida de andlise de sobrevivéncia,

mobilidade, regeneracao e/ou freqiiéncia de MN.

Conhece-se pouco a respeito de como o ciclo celular de células-tronco

110



somaticas de planarias adultas pode ser regulado. No entanto, existe uma série
de evidéncias de que o ciclo celular dos neoblastos pode ser modulado por outros
fatores além daqueles ativados pela regeneracdo (BAGUNA, 1976). A proliferagéo
dos neoblastos também responde a fatores ambientais, tais como disponibilidade
de nutrientes (BAGUNA, 1974; NIMETH et al, 2004), CEM (Figura 4A),
luminosidade (Figura 4B), temperatura (Figuras 4C e 4D) e ritmo circadiano. Na
regulacdo pelo ritmo circadiano, a fase S do ciclo celular de neoblastos é
sincronizada com o periodo claro do dia, ao menos para G. schubarti (dados nao
mostrados), ao contrario do que é observado em vertebrados (MATSUO et al.,
2003; MERROW & ROENNEBERG, 2004). Além disso, o ciclo celular de
neoblastos 2n e 3n de planarias mixoploides parece ser diferentemente modulado
pela disponibilidade de nutrientes (Figura 7).

As células-tronco de planarias, conhecidas como neoblastos, assim como
as de outros organismos apresentam varias caracteristicas Unicas quando
comparadas com células diferenciadas, tais como a presengca de corpos
cromatdides (material citoplasmatico eletrodenso) (SHIBATA et al, 1999),
capacidade de proliferacao (NEWMARK & SANCHEZ ALVARADO, 2000), citosol
altamente baséfilo (SANCHEZ ALVARADO & KANG, 2005), além de sensibilidade
a raios X (AGATA, 2003; REDDIEN et al., 2005a). No entanto, a relativa
uniformidade morfoldgica dos neoblastos totipotentes e da sua progénie (Figura
10) dificulta a determinacdo da heterogeneidade existente nessa populacdo
celular (REDDIEN & SANCHEZ ALVARADO, 2004).
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Figura 10. Neoblastos de planarias Girardia tigrina. Neoblasto eucromatico (A) e heterocromatico
(B). Os micronucleos (MN) pequenos (C), grandes (D) ou multiplos (E,F). Anomalias

cromossbémicas, pontes (H) ou mitoses C (G).
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Os corpos cromatoides (ricos em RNAs que codificam enzimas
modificadoras de cromatina) dos neoblastos parecem estar comprometidos com o
processo de diferenciacdo celular tecido-especifico e posicao-dependente,
promovendo a transicdo da cromatina inativa para a ativa em dominios
cromossémicos especificos (ROSSI et al.,, 2001; AGATA, 2003), os quais sao
induzidos a se formar por neuropeptideos (HORI & KISHIDA, 2003).
Recentemente, foi observado em células-tronco germinativas de D. melanogaster
que a herancga diferencial do centrdbmero assegura divisdes mitéticas assimétricas
(SPRADLING & ZHENG, 2007). A retencdo permanente do centrébmero-mae
promove consideravel estabilidade e longevidade a essas células, sugerindo que
esse mecanismo pode ser essencial & biologia das células-tronco. E provavel que
os fatores controladores da arquitetura da cromatina desempenhem um papel
fundamental na definicdo do destino de desenvolvimento da progénie dos
neoblastos (SANCHEZ ALVARADO & KANG, 2005).

Apesar da grande capacidade de regeneracéo, foram observados poucos
individuos com crescimento desordenado de tecidos (Figura 11). As planarias,
provavelmente, contam com mecanismos eficientes de eliminagdo dos neoblastos
anormais (KALAFATIC et al.,, 2004). Observamos em ambas as espécies que a
frequéncia de MN em neoblastos aumenta de 48 h a 96 h apds a exposicao a
raios y. Apés 120 h da exposicdo ao agente clastogénico, a freqiéncia de
neoblastos micronucleados diminui consideravelmente (ver Capitulo Il). Essa
diminuicdo na freqiéncia de neoblastos micronucleados pode ser via
diferenciacao celular (REDDIEN et al., 2005b) e/ou por morte celular (UNGER et
al., 1994; SABLINA et al., 1998; BAATOUT & DERRADII, 2004). O requerimento
de um compartimento especifico (mesénquima) para a manutencao das células-
tronco (SALVETTI et al., 2000; OGAWA et al., 2002; ORIl et al., 2005) e a
diferenciacdo da progénie dos neoblastos dependente de migragdo tecido-
especifico (AGATA, 2003; REDDIEN & SANCHEZ ALVARADO, 2004)
provavelmente sejam mecanismos importantes para a manutencdo da

homeostase de todos os tecidos desses organismos.
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Figura 11. Planaria G. tigrina com crescimento
desordenado de tecidos. O tecido anormal
surgiu em um animal com ~ 3 anos de idade e
cultivado em condi¢des-padrao (foto). Depois
de ~ 6 meses, a planaria sofreu fissdes
desprendendo o tecido anormal. O tecido
anormal desprendido do corpo se degradou, e
os fragmentos anterior e  posterior
regeneraram as partes perdidas, dando
origem a dois novos organismos normais (foto:
Prof. L.C. Amato)

Portanto, planarias sdo organismos promissores para a realizagao de uma
ampla gama de estudos para investigar o papel das células-tronco, pois permitem
multiplas abordagens experimentais. Planarias podem ser organismos
interessantes para o estudo das inter-relagdes entre proliferacao celular, tamanho
genbmico e tamanho corporal, provaveis fatores responsaveis pela
modulacéo/regulacdo da fissiparidade/assexualidade, e modo de reproducao
(sexualidade e/ou assexualidade) e longevidade.

As planarias podem ser Uteis para investigar a separacao fisiol6gica das
funcdes das células indiferenciadas e diferenciadas, as quais sofrem pressoes
operacionalmente opostas para produzir ganhos apropriados em adaptabilidade
respectiva. Elas também servem para o estudo das inter-relagbes entre
compartimento especifico dos neoblastos e sua progénie, provaveis fatores
responsaveis pela manutencdo da homeostase de todos os tecidos. A
compreensdo dos mecanismos de manutencdo da homeostase celular nesses
seres pode contribuir para o desenvolvimento de terapias de interesse para a

saude humana.
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5. Conclusoes

Quanto a ploidia e a0 modo de reproducao

- Em G. tigrina e G. schubarti, 0 modo de reproducao correlaciona-se com
a ploidia; individuos dipléides sdo geralmente sexuados e os individuos triploides

e mixoploides sédo exclusivamente fissiparitarios.

- Em ambas as espécies, a progénie sexuada é maior (até ~ 14 vezes em
G. tigrina e ~ 2 vezes em @G. schubarti) do que a progénie assexuada; no entanto,
a Fs (prole assexuada) nas planarias fissiparitarias é similar. Individuos
mixoploides da espécie G. schubarti morrem em temperaturas menores do que
6°C.

- G. tigrina e G. schubarti diferem entre si em relagdo a alguns aspectos
reprodutivos. Quanto as ragas cromossdémicas dipldides ou linhagens sexuadas,
G. tigrina é em torno de 10 vezes mais fértil e/ou fecunda do que G. schubarti. Os
casulos de G. tigrina sdao ~100% viaveis, enquanto que em G. schubarti a
viabilidade dos casulos é de 77%. A frequéncia de malformacdes em filhotes de
G. schubarti é ~ 4 vezes maior do que aquela observada em filhotes de G. tigrina;

e ~20% dos filhotes eram mixopldides.

- A freqiéncia de reprodugcdo sexuada e a longevidade em ambas as
espécies sofrem influéncia das condicbes ambientais, tais como concentracao de
sais e aeracao da agua de cultivo, densidade populacional, tipo de alimento; no
entanto, nao foi observada troca entre os modos de reproducao sexuada e

assexuada nos individuos.
Quanto a longevidade

- Em ambas as espécies, a densidade populacional e o tipo de alimento
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afetam a longevidade. Populacdes dipléides de G. tigrina com ~ 40 individuos-L™
sdo naturalmente estabelecidas por morte de individuos supernumerarios dentro
de algumas semanas de cultivo. Populacées dipléides de G. schubarti séo
estaveis com até ~ 50 individuos-L"; no entanto, o aumento da densidade

populacional acima de ~12 individuos-L™ leva & diminuigéo na fertilidade.

- Em populagdes dipldéides de G. tigrina, o aumento da densidade
populacional ndo altera a Fc e a Fr; no entanto, 0 aumento da idade diminui a Fc
e Fr, mas parece nao afetar a producédo de gametas.

- Ao menos em G. schubarti, as populacées polipléides (com individuos
tripldides e mixoploides) sdo mais longevas do que as dipldides em temperaturas
entre 13 e 21°C; e sdo sensiveis a baixas temperaturas (> 6°C);

- Em populac¢des mixopldides de G. schubarti, 0 aumento populacional ndo
reduz a freqiéncia de fissiparidade (Fs), a densidade tende a aumentar até
ocorrer a morte simultdnea de praticamente todos os individuos da populagdo. O
aumento na idade das populacdes parece nao afetar a Fs.

Quanto a regeneracao

- G. tigrina e G. schubarti, quando decapitadas, regeneram suas cabecas
em ~ 4 dias, exceto para planarias dipléides G. schubarti adultas (com mais de 12
meses de idade e com 20 mm a 30 mm de comprimento), que requerem o dobro
do tempo.

- Em ambas as espécies, durante a regeneragdo os fragmentos de
qualquer parte do corpo (da cabeca, do tronco ou da cauda) mantém o

comprimento do fragmento inicial;

- Em ambas as espécies, condicbes ambientais, tais como temperatura,

intensidade luminosa e CEM afetam a regeneracao.

Quanto a suscetibilidade a agentes téxicos e a identificacao de

biomarcadores.
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- Em G. tigrina e G. schubatrti, os agentes clastogénicos raios y, MMS e CP
induzem aumento significativo na freqiéncia de formacdao de MN somente em

neoblastos de planarias regenerantes.

- Em ambas as espécies, a exposicdo a agentes clastogénicos
concomitantemente com o inicio da regeneracdo leva a um aumento significativo

na freqiéncia de MN entre 72 h e 96 h, seguido de diminuicao apds 120 h;

- G. tigrina, quando exposta a solugdo de sulfato de cobre, apresentou
fluxo dindmico de entrada e saida desse metal e permitiu avaliacdes multiplas de
toxicidade através dos bioensaios simultdneos de mortalidade/mobilidade, de
regeneracao e de MN; e da avaliagdo do desempenho reprodutivo. Esse conjunto
de bioensaios demonstrou ser um método sensivel e facil para monitorar o efeito

da poluicao aguda e/ou crénica.
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6. Perspectivas

Este trabalho tem como perspectivas:

- realizar a normatizagdo dos testes ecotoxicologicos ja padronizados para
G. schubarti e G. tigrina de acordo com as normas técnicas da ABNT;

- caracterizar o ciclo celular normal de neoblastos de G. schubarti e de G.
tigrina e suas possiveis variacbes em funcdo do estagio de desenvolvimento,
idade ou ploidia, durante a regeneracao e em diferentes condi¢des nutricionais e

de fotoperiodo;
- padronizar o cultivo in vitro de neoblastos de G. schubarti e de G. tigrina;

- estudar comparativamente o comportamento de neoblastos das duas

espécies em cultura;

- desenvolver ensaios de citotoxicidade, teratogenicidade e mutagenicidade

baseados em neoblastos em cultura;

- realizar estudos de protedbmica comparativa para identificar proteinas
expressadas diferencialmente em plandrias intactas e regenerantes e/ou em

diferentes estagios de desenvolvimento.
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8.

8.1

Anexos
Condicoes de cultivo, manutencao e teste

A seguir sdo apresentadas as condi¢cées otimizadas para a manutencgao

das populacdes de planarias em laboratério e para a realizacdao de testes

ecotoxicoldgicos de curta e longa duracao.

Tabela 1A. Requerimentos para aceitabilidade de testes de toxicidade de 5

dia

s com planarias G. tigrina ou G. schubarti. (Lista de exigéncias compilada a

partir dos resultados obtidos durante os procedimentos para padronizagcdo de

testes desenvolvidos na elaboracao dos resultados apresentados nos Capitulos |,

Ile

[Il da secao de Resultados).

4.

A idade dos organismos-teste no inicio dos ensaios deve estar dentro dos limites requeridos
de 0 a 7 dias para filhotes recém-nascidos e de 3 meses para adultos.

Os niveis de dureza, alcalinidade, pH da agua de cultivo ndo devem variar mais do que 50%
durante os testes.

Mensalmente, ou no inicio de testes com poluentes, o lote de organismos utilizado deve ser
avaliado usando-se uma substancia téxica de referéncia (por exemplo, o sulfato de cobre). A
duracdo do teste podera ser de 48 h. E aceitavel para utilizacdo em testes o lote de
organismos onde houver sobrevivéncia de 90% dos organismos do controle (agua de cultivo).

A temperatura da agua de cultivo deve ser medida diariamente, e semanalmente o pH da
agua de cultivo, dureza, alcalinidade e condutividade da agua de cultivo devem ser medidos

mensalmente.
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Tabela 1A. Continuacao

5.

10.

11.

12.

13.

14.

A qualidade dos alimentos (figado bovino congelado) e a contaminagao da agua devem ser
caracterizadas se forem observados problemas na cultura dos organismos ou durante os

testes.

Medidas fisiologicas, tais como idade da maturidade sexual e taxas de fertilidade e

fecundidade, podem fornecer informacdes Uteis sobre a saude das populacgdes cultivadas.
Todos os organismos em um teste devem ter a mesma origem.

E recomendavel o inicio dos testes o mais breve possivel apds a coleta das amostras de agua

no campo.

Todos os recipientes devem ter o mesmo tamanho e compartilhar o mesmo numero de

organismos e de volume de amostra.

Um controle negativo e controles positivos apropriados devem ser incluidos no teste. A média
de sobrevivéncia de planarias no controle deve ser maior ou igual a 80% no final dos testes.

Diariamente, organismos mortos devem ser removidos dos recipientes-teste e as solugdes

devem ser renovadas.

A temperatura durante os testes deve ser a mesma da cultura das populagdes. A aclimatagao
dos organismos-teste na agua-teste é requerida.

A variagdo média diaria da temperatura-teste dever estar entre £ 1C° da temperatura
desejada. Alteragbes instdntaneas podem osciliar em até £ 3C° em relagdo a temperatura

desejada.

As caracteristicas fisico-quimicas naturais das amostras de agua coletadas para serem
testadas devem estar dentro dos limites de tolerancia dos organismos-teste. Relacionado ao

item 8.
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Tabela 2A. Resumo das condicoes de cultivo de planarias em laboratoério.

Condicoes de cultivo

Recomendado

Sistema Semi-estatico
Temperatura 20x2°C
Qualidade da luz Luz fria, tipo fluorescente
Intensidade luminosa 35FC

Fotoperiodo

12 h luz;12 h escuro

Tipo/capacidade do recipiente

Recipente plastico de 2 L, com tampa fosca

Agua de manutengéo

Reconstituda com dureza de 0 a 2 mg CaCO4-L",pH7,2a
7,6 e condutividade de 62 a 63 mS-cm”’

Volume de agua de manutengao
por recipiente

Aproximadamente 1000 ml

Aeracéao

Nao

Troca de agua

1 vez por semana

N¢ de organismos/recipiente

40

Tipo de organismos/recipiente

Organismos matrizes ou organismos-teste

N¢ de recipientes com organismos

matrizes

Minimo de 6, sendo que cada um dever conter organismos

de determinada idade, ou seja, de 3 a 48 meses

N¢ de recipientes com organismos-

teste

Minimo de 3, sendo que cada um deve conter organismos de
determinada idade

Idade dos organismos

conhecida

Alimentacao

Semanal, num mesmo dia da semana

Tipo e qualidade de

alimento/recipiente/ semana

Figado bovino congelado por, no maximo, um més

Duragéo das culturas

indeterminado

Controles diarios

Temperatura da 4gua e maxima e miminia do ar do ambiente

Controles no dias da troca de agua

sobrevivéncia dos organismos nas culturas, pH, temperatura
da agua de manutencao.
Contagem e remocéao do n? de casulos para um recipiente
datado. Os filhotes eclodidos dos casulos também séo
contados e removidos para outro recipiente para inicio de

uma nova populagao (matriz ou testes).

Controle da sensibilidade das

culturas

Teste mensal com uma substancia de referéncia. A CLsg
obtida deve estar em um intervalo de + 2 desvios-padréo em

relagcdo aos valores médios anteriormente obtidos

Controles adicionais

Observacgao periédica da presenca ou ndo de contaminantes

por fungos ou outros organismos. Anotar essas datas
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Tabela 3A. Resumo das condicoes de testes de toxicidade aguda com

Girardia tigrina e G. schubarti

Condicoes-teste

G. tigrina G. schubarti

(diploide sexuada)

(mixoploide assexuada)

Sistema de teste

Semi-estatico

Duracao 24 a2 96
Temperatura 20+2°C
Qualidade de luz Luz fria, tipo fluorescente
Intensidade luminosa 35FC

Fotoperiodo

12 h luz;12 h escuro

Tamanho do frasco-teste

Recipente plastico de 100 mL, com tampa

Volume da solucao-teste

20 mL

Renovacgéo da solugao-teste

diaria

Idade dos organismos

Conhecida - filhotes (de 0 a 7
dias de vida) ou adultos (3

Nao estabelecido

) (tamanho de 7 a 10 mm)
meses de idade)

N® organismo/réplica 5
N@ réplicas/concentragéo 4
N¢ de solucdes-teste 4 ab
Fator de diluicdo 0,30u0,5
Alimentacdo durante os testes Nao
Troca dos frascos-teste Nao
Aeracao das solugcdes-teste Nao

Agua de diluicao

Reconstituida

Critérios de avaliagédo de efeito

Mortalidade, mobilidade, regeneracao de cabeca, freqliéncia de

MN

Biomarcadores (endpoint) de

exposi¢ao aguda

Testes de mobilidade, regeneracdo e MN

Biomarcadores (endpoint) de

exposigao crénica

Avaliagdo de desempenho reprodutivo

Expresséo dos resultados

DL50, mC|50, rC|50 Teste de MN, Fc e Fr (24 a 96 h)

Critérios de aceitacao do teste

> 80% de sobrevivéncia dos organismos-controle
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