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RESUMO

Basso, Tatiana Setenta, M.Sc., Universidade Estadual de Santa Cruz, Marco de
2008. Estudos comparativos de sensibilidade e mutabilidade nos fungos
Saccharomyces cerevisiae e Moniliophthora perniciosa. Orientador: Dr. Martin
Brendel. Co-orientadora: Dra. Cristina Pungartnik. Colaborador: Dr. Julio C. M.
Cascardo.

Os organismos do reino dos Fungos sdo seres eucariotos que possuem
larga utilidade industrial e biotecnolégica. Um modelo deste reino extremamente
bem caracterizado e wusado em aplicagbes industriais é a levedura
Saccharomyces cerevisiae. A partir do acumulo de conhecimento sobre este
modelo, é possivel realizar estudos de expressao heter6loga de genes do fungo
causador da doenca vassoura-de-bruxa, Moniliophthora perniciosa, que afeta o
cacaueiro (Theobroma cacao). Através dos estudos de identificagdo do
mecanismo de agdo do SnCl, em S. cerevisiae, da andlise da influéncia da ploidia
e da autofagia na sensibilidade a mutagénicos em M. perniciosa e da obtencéo de
mutantes deletados em genes definidos de M. perniciosa, este trabalho visa
contribuir para a elucidacdo dos possiveis mecanismos de metabolizagdo e
consequentes modos de protecéo e reparo induzido por agentes mutagénicos nos
fungos M. perniciosa e S. cerevisiae. Uma mutacdo em um gene que codifica para
a proteina Rnr4 em S. cerevisiae sensibiliza a levedura ao SnCl,. A sensibilidade
ao SnCl, do mutante rnr4A é de trés a quatro vezes maior quando comparado
com a da cepa selvagem, independente da fase de crescimento (LOG ou STAT).
Isto significa que outros mecanismos estejam envolvidos, mais provavelmente o
nao-funcionamento do reparo de DNA causado pelo baixo fornecimento de
dNTPs. A ploidia (fase monocariotica/ fase dicariética) do fungo M. perniciosa
influencia de maneira diferente quando tratado com o0s mesmos agentes
mutagénicos, nas mesmas doses e também na inducdo do processo autofagico.
Existe um grau de resisténcia crescente para 0s agentes que causam estresse
oxidativo (H.O,, PAQ): basidiésporos > hifas monocaridticas (crescidas em
glicerol) > hifas dicariéticas (glicerol) > hifas dicariéticas (crescidas em glicose).
Para os agentes que causam danos ao DNA (UVC, 4NQO) observou-se a mesma

resisténcia para os basidiésporos e hifas mono/dicarioticas e somente as hifas
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dicarioticas (glicose) apresentaram maior sensibilidade. Testes para a avaliacao
da capacidade de inibicdo do tubo de germinagdo dos basididésporos frente aos
mesmos agentes mutagénicos mostraram que nao existe correlacdo entre
formacéo do tubo germinativo e viabilidade do fungo. Mutacées em M. perniciosa
podem ser induzidas por agentes quimicos ou fisicos e selecionadas através da
resisténcia de mutantes ao agente toxico canavanina (analogo da arginina).
Mutantes resistentes & canavanina (can®) foram isolados a partir da
mutagenizacdo de basidiésporos de M. perniciosa, demonstrando que a utilizacao
dos mesmos conceitos genéticos do fungo modelo S. cerevisiae € factivel. Um
dos mutantes de M. perniciosa can® apresentou a mesma resisténcia ao UVC que
a linhagem selvagen, mas foi muito mais resistente ao H,O,. Os mecanismos que

envolvem esta resposta ainda nao foram elucidados.

Palavras-chave:  Moniliophthora  perniciosa, Saccharomyces cerevisiae,

sensibilidade, mutagénese



ABSTRACT

Basso, Tatiana Setenta, M.Sc., Universidade Estadual de Santa Cruz, March of
2008. Comparative studies of sensitivity and mutagenesis in the fungi
Saccharomyces cerevisiae and Moniliophthora perniciosa. Advisor: Dr. Martin
Brendel. Adivisor Committee Members: Dra. Cristina Pungartnik and Dr. Julio C.

M. Cascardo.

Organisms of the kingdom of the Fungi are eukaryotes that have vast
industrial and biotechnology applications. The yeast Saccharomyces cerevisiae is
an extremely well-characterized fungus. Based on the accumulation of knowledge
on this model, it is possible to project and carry out studies of gene expression in a
more complex fungal system, the phytopathogenic basidiomycete Moniliophthora
perniciosa that causes witches' broom disease, severely affecting the cacaueiro
(Theobroma cacao). Combining studies for the identification of the mechanism of
action of SnCl, in S. cerevisiae, with the analysis of the influence of ploidy and
autofagia on sensitivity to mutagens in M. perniciosa and obtaining mutagen-
induced mutants in M. perniciosa, this work aims to contribute to the elucidation of
the possible contributions of general metabolism and specific modes of protection
and repair on mutagen-induced damage in both fungi. A mutation in a gene that
encodes protein Rnr4p in S. cerevisiae leads to sensitivity to SnCl,. The rnr4A
mutant strain is 3-4x more sensitive to SnCl, as compared with the wild type,
regardless of the culture’s growth phase (LOG or STAT), indicating that growth
phase is not decisive in enhancing sensitivity. Thus, other mechanisms are
involved, most probably the non-fully functional repair of SnCl,-induced DNA
damage, caused by the low supply of dNTPs. Ploidy phase (monokaryotic/
dikaryotic) of the fungus M. perniciosa has pronounced influence on cell sensitivity
after equal treatment with the same mutagenic agents. It also influences the
process of induction of autophagy. There is a growing degree of resistance to the
agents that cause oxidative stress (H.O,, PAQ) with the following ranking:
basidiospores > hyphae monokaryotic (glycerol- grown) > hyphae dicakaryotic
(glycerol-grown) > hyphae dicakaryotic (glucose- grown). Basidiospores and
monokaryotic/dikaryotic (glycerol-grown) hyphae had the same resistance DNA

damaging agents UVC and 4NQO, while dikaryotic glucose-grown hyphae were
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more sensitive. Tests assessing the ability to inhibit formation of the germination
tube of the basidiospores showed that there is no correlation between inhibition of
germination tube formation and the viability of the fungus at chronic mutagen
exposure. Mutations in M. perniciosa can be induced by physical or chemical
agents and selected via resistance of the mutants to the toxic agent L-canavanine
(analogue of arginine). Canavanine resistant mutants (can) could be isolated
from mutagenized M. perniciosa basidiospores, applying methods already
described for S. cerevisiae. One of the can"mutants of M. perniciosa had the same
resistance to UVC as the wild type, but was much more resistant to H,O,. The
mechanisms involving this differentiated sensitivity response have not yet been

elucidated.

Keywords: Moniliophthora perniciosa, Saccharomyces cerevisiae, mutagen

sensitivity, mutagenesis.
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1. Introducéo e Revisao Bibliogréafica

1.1. Os fungos

Os fungos sé@o seres eucariotos podendo ser unicelulares, como as
leveduras, ou multicelulares, como os filamentosos ou bolores. A filogenia
apresentada para os Eumycota (fungos verdadeiros) reconhece quatro filos:
Chytridiomycota, Zygomycota, Ascomycota e Basidiomycota (Bruns et al.1991;
1993).

Os fungos séao encontrados no solo, na agua, nos vegetais e animais,
sendo importantes decompositores, como o Trichosporon sp (Kaszycki et al.,
2006) ou parasitas, como algumas espécies de Saprolegnia (Fernandez-Benéitez
et al., 2008). S&do largamente utilizados na industria alimenticia, como na
producdo de paes, vinhos, cervejas (Saccharomyces cerevisiae), e
biotecnolégica, como na producdo de antibidticos (penicilina pelo Penicillium
crysogenum) (Mucheroni e Matias, 1996). Além disso, alguns fungos podem ser
patogénicos para ao homem, como Candida albicans (Vultaggio et al., 2007), para
0s animais, Malassezia pachydermatis (Dizotti e Coutinho, 2007) ou para as

plantas, como Moniliophthora perniciosa (Griffith, 2004).

1.1.1. A levedura Saccharomyces cerevisiae

A levedura S. cerevisiae € um fungo ascomiceto bastante estudado e
notavelmente semelhante as células de mamiferos no que se refere a presenca
de macromoléculas, organelas e proteinas com homologia as proteinas humanas,
tornando-a um organismo importante nas pesquisas sobre mutagénese, reparo de
DNA e mecanismos que respondem ao estresse oxidativo (Costa e Ferreira,
2001).

Foi o primeiro organismo eucarioto a ter seu genoma totalmente
sequenciado com um tamanho de 12.068 kb, organizado em 16 cromossomos e
média de um gene a cada 2.000 pb (Goffeau et al. 1996), mostrando-se
extremamente importante para o desenvolvimento de novas técnicas e servindo
como referéncia para andlise evolutiva e comparativa de outros organismos
eucariotos superiores (Goffeau, 2000; Liti e Louis, 2005; Garfinkel, 2005).
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1.1.1.1. O ciclo de vida da levedura Saccharomyces cerevisiae

A levedura S. cerevisiae possui um ciclo eucariético bem definido, podendo
ser induzida tanto & um ciclo meidtico quanto ao mitotico de crescimento (Figura
1). Suas células se dividem por brotamento logo apds a duplicacdo do seu DNA,
com tempo de geracdo de aproximadamente 120 minutos, para as células
hapléides, e 90 minutos, para as dipldides, quando incubadas a temperaturas
entre 28-30°C (Zimmermann et al., 1984).

LIMITAGAC
DE
NUTRIENTES

Figura 1. Ciclo de vida da levedura Saccharomyces cerevisiae (Adaptado de Zimmermann et al.,

1984).

Durante o seu ciclo mitético (Figura 1a), as células diploides formam brotos
gue crescem e se separam de sua célula mae. As células diploides podem ser
induzidas a meiose e consequente esporulacdo, quando ocorre limitacdo de
nutrientes no meio (Figura 1b). A esporulacdo origina quatro esporos (haploides)
que se desenvolvem dentro de um ascdésporo, que por sua vez se multiplicam por
divisdo mitética e brotamento, o que € muito Util, por exemplo, na construcao de
linhagens geneticamente definidas (Zimmermann et al., 1984). Os esporos podem
crescer mitoticamente originando células hapldéides ou, entdo, 0s esporos

haploides com sinais de acasalamento opostos fundem-se formando uma nova
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célula dipléide (Figura 3c) (Kurjan, 1992; 1993). As células dipldides sdo maiores
e mais alongadas e ndo apresentam a capacidade de acasalamento; as células
haploides sdo mais arredondadas e liberam fator de acasalamento (Fuge e
Werner-Washburne, 1997).

1.1.1.2. O metabolismo celular

O termo metabolismo celular é utilizado para designar o conjunto de todas
as reacfes quimicas que ocorrem nas células, sendo estas responsaveis pelos
processos de sintese (anabolismo) e degradacdo (catabolismo) dos nutrientes no
interior celular (Nelson e Cox, 2002).

Todos os fungos, a partir de uma fonte de carbono, de nitrogénio, de ions
minerais e da agua sao capazes de sintetizar todos 0os compostos organicos

necessarios para seu crescimento (Carlile e Watkinson, 1996).

1.1.1.2.1. O metabolismo de carboidratos

A levedura S. cerevisiae é capaz de se desenvolver em condicbes
anaerobicas e aerdbicas de crescimento, sendo assim um organismo anaerdbico
facultativo. Ela é capaz de utilizar uma grande variedade de fontes fermentaveis
de carbono, como frutose e glicose, e fontes nao fermentaveis de carbono, como
etanol, glicerol, piruvato e lactato (Wills, 1990; Maris et al., 2000; Rolland et al.,
2002).

Varios aspectos metabdlicos e fisiologicos da célula estdo condicionados a
concentracdo de glicose presente no meio. A curva de crescimento da levedura S.
cerevisiae (Figura 2) apresenta fases distintas do ponto de vista metabdlico e de
cinética de crescimento. Apos um curto periodo de adaptacdo ao meio (fase lag
de crescimento), as células iniciam uma divisdo celular a cada hora e meia (fase
exponencial de crescimento) também chamada de fase logaritmica (LOG), com a
energia proveniente da fermentacao da glicose (Wills, 1990; Johnston, 1999).

A grande disponibilidade de glicose no meio causa o fendbmeno conhecido
como repressdo catabdlica ou “repressao por glicose” (Gancedo, 1998). No
metabolismo fermentativo, independentemente da presenca ou ndo de oxigénio

(O2), encontram-se reprimidos 0s genes envolvidos na sintese de enzimas
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necessarias para a utilizacdo de galactose ou dissacarideos e 0s genes
requeridos na utilizacdo de fontes ndo fermentéaveis de carbono (Fuge e Werner-
Washburne, 1997; Maris et al., 2000; Johnston e Kim, 2005; Kaniak et al., 2004).

Fase .
e B . Meio
© 4 Pés-diduxica Completo (a)
=
F Meio
O b
© Minimo( )
sl
(1]
=
% Fase
= Transicao Estacionaria
o° Diauxica
[11]
=
L7
= Fase
0 Exponencial "
I Tempo

Figura 2. Metabolismo celular de carboidratos da levedura Saccharomyces cerevisiae quando

crescida em meio completo (a) e meio minimo (b). (Adaptado de Fuge e Werner-Washburne,
1997).

Quando a concentracdo de glicose cai abaixo do limite de repressao
(menos de 0,2%) ocorre uma reprogramacao génica para que as células possam
ser preparadas para o metabolismo respiratério. Essa fase € conhecida como fase
diauxica que é caracterizada por uma desrepressdo catabodlica dos genes
envolvidos na respiracao refletida pela inducédo das enzimas relacionadas com a
respiracdo e dos componentes da cadeia transportadora de elétrons (de Vries e
Marres, 1988; Maris et al., 2000). As células reassumem a divisdo celular em um
ritmo mais lento, uma divisdo a cada trés ou quatro horas, metabolizando o etanol
produzido durante a fermentacdo. Essa fase é chamada de fase pds-diduxica ou

fase estacionéria inicial (Fuge e Werner-Washburne, 1997). Quando ha um
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esgotamento dos nutrientes essenciais, refletido numa alta densidade celular, as
células entram na fase estacionaria, caracterizada por uma baixa atividade
catabolica, onde estas sdo mais resistentes a uma série de condi¢des de estresse

e sdo capazes de sobreviver a inanicdo por um longo periodo (Maris et al., 2000).

1.1.1.2.2. O metabolismo dos &cidos nucléicos e a importancia de RNR4 na
levedura Saccharomyces cerevisiae

Nos seres vivos, existem dois tipos de acidos nucléicos: o &acido
desoxirribonucléico (DNA) e o acido ribonucléico (RNA), sendo responsaveis pelo
armazenamento e transmissdo da informagdo genética importantes na
transmissdo dos caracteres genéticos. Os &acidos nucléicos sdo grandes
moléculas constituidas por unidades menores denominadas nucleotideos. Cada
nucleotideo, por sua vez, € constituido por um acido fosférico ligado a uma
pentose que se liga a uma base nitrogenada (Snustad e Simmons, 2001).

Para que ocorra manutencao correta da replicacdo e reparo dos danos
produzidos no DNA, é necessaria a atividade da enzima tetrameérica,
ribonucleotideo redutase (RNR), que é essencial para o metabolismo dos acidos
nucléicos, pois ela catalisa a reducdo de nucleotideos difosfato (NDP) para o
correspondente desoxinucleotideo difosfato (dNDP), um essencial passo para a
biosintese de desoxinucleosideo trifosfato (ANTPs) (Stubbe e Donk, 1998).

A enzima ribonucleotideo redutase (RNR) da levedura S. cerevisiae
consiste de quatro subunidades diferentes (Figura 3): duas grandes (Y1, Y3) e
duas menores (Y2, Y4). A perda de Y4 em mutantes de levedura S. cerevisiae
rnr4A aparentemente pode ser compensada pela super-expressdo de Y2 e
guando ocorrem danos ao DNA, a subunidade Y3 é altamente induzida (Elledge e
Davis, 1987). Estudos mostram que o mutante rnr4A exibe um crescimento mais
lento quando comparado ao selvagem e foi encontrada sensibilidade ao agente
fisico UVC, a psoralenos foto-ativados (Strauss et al., 2007) e ao agente quimico
cloreto de estanho (SnCl,) (Basso et al., 2008).
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Figura 3. Estrutura da enzima RNR. Na auséncia de danos no DNA, o complexo RNR é composto
pelo homodimero Y1Y1 e o heterodimero Y2Y4 que converte NDPs a dNDPs em niveis

adequados para a replicacdo do DNA (Adaptado de Strauss et al., 2007).

1.1.2. O fungo Moniliophthora perniciosa

O fungo Crinipellis perniciosa renomeado para Moniliophthora perniciosa,
(Aime e Phillips-Mora, 2005), trata-se de um basidiomiceto e é o agente causador
da doenca vassoura-de-bruxa que afeta o cacaueiro (Theobroma cacao, Figura
4).

Trata-se de um fitopatdogeno bastante eficiente, representando um dos
maiores limitantes & producédo de cacau na Ameérica do Sul e Caribe (Thorold,
1975). O cacau tem uma grande importancia sécio-econdmica para a maioria dos
paises, em particular o Brasil, que é o quarto produtor mundial e possui 0 quinto
maior parque industrial chocolateiro do mundo (Dias, 2001).

A doenca foi descrita pela primeira vez por Alexandre Rodrigues Ferreira,
entre os anos de 1785 e 1787, porém s se tornou conhecida quando os sintomas
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ocorridos no Suriname em 1895 foram descritos por Went em 1904 (Griffth et al.,
1994).

A provavel origem do M. perniciosa é a Bacia Amaz6nica, onde ele ocorre
de forma endémica, sendo que sua introducéo na Bahia foi confirmada em 1989
(Pereira et al., 1996).

Figura 4. O fungo Moniliophthora perniciosa afeta o cacaueiro (Theobroma cacao) (a) e os frutos
sadios (c) onde ap6s um periodo de 10 semanas a infec¢cdo provoca 0s sintomas visiveis de
vassoura seca no cacaueiro (b) e necrose nos frutos (d) e (e). (Adaptado de Micheli, 2003. (fotos:
J. Cascardo)).

Além do cacaueiro, M. perniciosa também é capaz de infectar espécies de
Herrania da familia Sterculiaceae (Bastos e Andebrhan, 1986) e tem sido
encontrado em associacdo com varias plantas hospedeiras das familias
Solanaceae (espécies do género Solanum), Bixacaceae (espécie do género Bixa
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acutifolia) e Malpighiaceae (espécies do género Heteropterys acutiflia), que nao
sao relacionadas ao cacaueiro (Bastos e Andebrhan, 1986; Resende et al., 2000;
de Arruda et al., 2003a; 2003b).

O controle da doenca tem-se baseado na poda fitosanitaria, controle
quimico e biolégico e o0 uso de cultivares resistentes a partir de germoplasmas
selvagens (Anderbrhan et al.,, 1995). Entretanto, uma das alternativas mais
promissoras para 0 manejo da vassoura-de-bruxa é a elaboracdo de novas
estratégias de controle através do estudo moleculares (Gesteira et al., 2003; Ceita
et al., 2007), apesar do pouco conhecimento a respeito dos mecanismos
bioquimicos, genéticos, fisiolégicos e moleculares deste fungo.

O tamanho total do genoma do M. perniciosa foi descrito por Rincones et
al., (2003): possui cerca de 30Mpb, distribuidos em 8 cromossomos, com
aproximadamente 8.000 genes. As alteracbes bioquimicas durante o processo
infeccioso da doenca foram descritas por Scarpari et al. (2005); Meinhardt et al.
(2006) determinou métodos de crescimento separando as fases dicaridtica e
monocaribtica; testes de avaliagdo toxicologica foram descritos por Filho et al.
(2006); e a identificacdo do fungo por um protocolo de extracdo de DNA, via
amplificacdo espécies especifico do gene codificando actina, foi recentemente

descrito por Melo et al. (2007).

1.1.2.1. O ciclo de vida do fungo Moniliophthora perniciosa

Trata-se de um fungo que apresenta um ciclo de vida hemibiotrofico
(Griffith e Hedger, 1994), apresentando uma fase biotréfica, responsavel pelos
sintomas de vassoura verde e uma fase necrotréfica, responsaveis pelos
sintomas de vassoura seca no cacaueiro (Figura 5). Seu ciclo € comparavel em
muitos aspectos com de outros basidiomicetos, em que dois nucleos dentro do
basidio sofrem cariogamia seguida de meiose e migra¢do dos nucleos aos quatro
basididosporos formados (Delgado,1976; Alexopoulos, 1996).

Os basidiésporos, unica forma infectante da doenca (Frias et al., 1991),
germinam formando um micélio primario (monocariético) entre as células dos
tecidos meristeméticos do cacaueiro, como gemas vegetativas, frutos em
desenvolvimento, brotos e almofadas florais (Queiroz et al., 2003). A resposta do

hospedeiro, localizada no ponto de infeccdo, resulta em um consideravel aumento
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dos tecidos e no desenvolvimento de ramos laterais, sintomas caracteristicos de
hiperplasia e hipertrofia que levam a perda indiretas na producdo de cacau (Frias
et al., 1991; Orchard et al., 1994; Silva, 1997). Quando ha infec¢cédo nos frutos, as
sementes tornam-se improprias para o consumo e ha também a formacao de
frutos de coloracdo escura em forma de cenouras ou morangos (Figura 5) (Silva
et al., 2002).
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Figura 5. Ciclo de vida do fungo Moniliophthora perniciosa (Adaptado de Cotomacci, 2004).

O fungo permanece na fase biotrofica entre 6 e 9 semanas dentro de
tecidos em desenvolvimento, até que a vassoura verde inicie um processo de

necrose, alteracdo associada a mudanca do fungo para uma fase necrotroica.

10
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Nessa fase ocorre a fusdo de hifas, gerando um micélio dicariético, reconhecivel
ao microscoépio pela formagdo dos grampos de conexdo em suas hifas (Evans
1979; 1980; Calle et al., 1982). A morfologia do ramo infectado pelo fungo guarda
semelhanca com a forma de uma vassoura, surgindo assim o nome popular de
vassoura-de-bruxa ou vassoura seca. Essa fase pode permanecer por longos
periodos, até mesmo alguns anos (Evans, 1980).

Periodicamente, sob condi¢fes ambientais favoraveis de luminosidade e de
periodos intermitentes de umidade e seca (Purdy, 1996), o micélio dicaridtico
sofre uma morfogénese complexa para formar novos corpos de frutificacdo
(basidiocarpos) (Figura 5); destes, emergem os basidios, 0os quais carregam 0s
basidiésporos que sao liberados sob condi¢cdes ambientais favoraveis, onde a
umidade esté préxima a de saturacdo com temperatura variando entre 20 e 30°C
(Rocha e Wheller, 1985). Entretanto, o fato desses basidiosporos requererem
uma alta umidade para manter sua viabilidade e de serem suscetiveis a radiacao
solar UVB, torna bastante improvavel que eles possam ser dispersos a um raio
superior a 60 km (Frias et al., 1991).

1.2. A interferéncia de mutagénicos no metabolismo celular de fungos

Agentes mutagénicos podem afetar direta ou indiretamente o metabolismo
da célula, seja através da toxicidade celular, por exemplo, estresse oxidativo ou
através da genotoxicidade, que induz alteracbes no material genético, sendo
mutagénica ou néo.

A manutencao da integridade do material genético € fundamental a vida de
todos os organismos. Certas substancias quimicas ou fisicas podem agir
diretamente sobre o material genético das células (DNA), sugerindo capacidade
genotoxica. Assim a genotoxicidade estuda, sob o aspecto genético, o que
perturba a vida ou induz a morte tanto a nivel de célula, como de organismo (Silva
et al., 2003). Como consequéncia destes efeitos, a mutagénese vem ser o
processo pelo qual a mutacdo € produzida, causando um efeito téxico que altera
especificamente o material genético da célula, provocando uma alteracdo no DNA
ou no cromossomo (Friedberg et al.,1995).

11
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1.2.1. O estresse oxidativo

O estresse oxidativo € um termo genérico que designa o estresse
associado a deteccdo, resposta e protecdo de células ou de organismos a
espécies reativas de oxigénio (ERO). S&o consideradas ERO quaisquer
moléculas contendo oxigénio capazes de gerar radicais ou espécies quimicas
cujo ultimo orbital quantico possua um elétron desemparelhado. Essas moléculas
sdo coletivamente chamadas de ERO devido a sua grande reatividade, quando
comparada ao oxigénio molecular (O,) (Fang et al., 2002).

As ERO sao formadas naturalmente no interior da célula, seja nas
mitocdndrias ou nos cloroplastos, ou ainda nos peroxissomas, como produtos
secundéarios dos processos de fotossintese e respiracdo (Apel e Hirt, 2004);
também podem ser sintetizados pela célula para desempenhar funcbes
especificas, como por exemplo, os fagocitos que produzem radicais superoxido
para atacar bactérias que tenham sido fagocitadas (Fang et al., 2002).

As maiores fontes de ERO enddgenas incluem o anion superéxido (02°7),
o radical hidroxil (OH®), o oxigénio singlet (*O.) e o peréxido de hidrogénio (H,05)
(Boveris, 1998; Fridovich, 1998; Nickoloff e Hoeckstra, 1998; Dickinson e
Schweizer, 1999).

1.2.1.1. Os compostos capazes de gerar estresse oxidativo

O estresse oxidativo pode ter origem enddgena, através da fisiologia da
prépria célula, uma vez que mecanismos, como a cadeia transportadora de
elétrons, geram radicais livres; como também pode ser de origem exdgena,
através da presenca de compostos quimicos sintéticos, herbicidas ou fungicidas
capazes de gerar ERO ou de estratégias de defesa de vegetais ao ataque de

patdgenos (Landis et al., 2005).

1.2.1.1.1. O perdxido de hidrogénio (H205)
O H20, ndo é um radical livre por defini¢cdo, pois trata-se de uma molécula
quimicamente estavel. E um intermediario reativo do O, que se torna perigoso

pelo alcance que possui (se difunde facilmente através de membranas), e por ndo

12
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reagir imediatamente, pois pode migrar pela célula e atingir alvos distantes do
local de sua formacéo.

E uma ERO importante pela sua capacidade de gerar o radical OH® através
sua clivagem por metais de transicdo, tais como Fe?* e Cu®" pela reacdo de
Fenton, (Fridovich, 1998; Boveris, 1998), e sendo deste modo, um intermediéario
reativo do oxigénio formado em diversos eventos celulares:

= O H;0, enddgeno é formado principalmente na matriz mitocondrial, durante
0 processo de reducao do oxigénio (Fridovich, 1998);

= E um subproduto da assimilacdo oxidativa de vérias fontes de carbono e
nitrogénio, por peroxissomos e glioxissomos (Forman e Thomas, 1986);

= E liberado por algumas bactérias, onde este pode atravessar as
membranas bioldgicas e lesionar as células do hospedeiro (Oga, 2003).

1.2.1.1.2. O paraquat (PAQ)

O PAQ (dicloreto de 1,1'-dimetil-4-4’-bipiridina) € um herbicida bastante
utilizado na agricultura devido o seu baixo preco comercial e por possuir efeito
positivo contra uma grande variedade de ervas daninhas (Ekmekci e Terzioglu,
2005). Apesar de ser considerado relativamente seguro, j existem relatados de
efeitos deletérios em células de plantas, bem como em células do pulmao de
mamiferos onde se tem atribuido a suas propriedades redox (Kappus e Sies,
1981).

O mecanismo de acao esta possivelmente ligado a um ciclo redox, onde a
molécula de paraquat € reduzida pela NADPH-citocromo ¢ redutase (Bonneh-
Barkay et al., 2005). Quando o elétron do PAQ reduzido é passado para o O, é
produzido radical O,*~ e outros ERO, como o H,O,, e OH™ (Ayaki et al., 2005).

A presenca de enzimas celulares protetoras como superoxido dismutase
(Sod) e a propria reacdo de Fenton levam a subsequente producdo de H,O, e
radical OH™ que sao altamente reativos. Deste modo, uma Unica molécula de
PAQ pode sofrer repetidos ciclos de reducdo e oxidagdo produzindo grandes
guantidades de ERO.

Ocorre entdo um desbalanceamento entre a geracdo de radicais de
oxigénio, aumentada, e a capacidade celular de defesa, diminuida, e por

consequéncia, diferentes danos podem ocorrer, como mutacdées no DNA,

13
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desnaturacdo de proteinas, peroxidacdo de lipidios ou danos a clorofila das
plantas, podendo levar a perda da integridade da membrana ou ainda a morte
celular (Peter et al., 1992).

1.2.1.1.3. O cloreto de estanho (SnCl,)

O SnCl, é um tipico exemplo de agente quimico capaz de induzir estresse
oxidativo nas células. Esta presente na constituicdo de ligas metélicas ou no
revestimento de outros metais (protegendo-os da acdo da corrosédo) (Rudel,
2003); nas obturacdes dentarias (Von Mayenburg et al., 1991); no revestimento
de latas que acondicionam alimentos e liquidos (de Groot et al., 1973; Ikem e
Egiebor, 2005). Dentre outras utilidades o estanho também esta presente, em
pequenas quantidades, em imitacdes de joias (Olivarius et al., 1993).

O estanho (Sn) por ser um elemento quimico de ocorréncia natural na
atmosfera (esta presente no ar, 4gua, solos, bem como em plantas e animais que
vivem na terra ou nas aguas), podendo estar presente nos tecidos humanos
(Schroeder et al., 1964; Greger e Baier, 1981). No entanto, ndo ha evidéncias
cientificas de que o estanho seja um elemento essencial para o ser humano e que
haja uma dose diaria recomendada (Johnson e Greger, 1982).

O limite maximo de ingestdo para compostos de Sn admitido pelo FDA
(Food and Drug Administration) nos EUA é de 300 mg de Sn/kg de alimento seco
(Chmielnicka et al., 1981; Burba, 1983). No Reino Unido, esse limite € de 200 mg
de Sn/kg de alimento seco e 150 mg de Sn/kg de liquido seco (Blunden e
Wallace, 2003). A Associacdo Brasileira das Industrias da Alimentacdo (Abia)
preconiza um limite de 0,25 mg de Sn/g de alimento seco (Abia, 1998).

Uma caracteristica de importancia biolégica desse metal consiste na sua
capacidade de formar compostos catibnicos organometalicos de alta solubilidade
lipidica, capacitando-os a atravessar membranas bioldgicas e a exercer seus
efeitos toxicos no interior das células de mamiferos, de humanos e bactérias
(McLean et al., 1983 a; 1983b; Hamasaki et al., 1993).

De acordo com os resultados descritos na literatura em relagdo a
genotoxicidade e a mutagenicidade dos sais de estanho, Olivier e Marzin (1987)
constataram o efeito mutagénico para diferentes sais de estanho (SnCl, e SnF,)

na cepa Escherichia coli PQ37; Ashby e Tennant (1991) relataram a atividade
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carcinogénica do SnCl, para a glandula tiredide de ratos; Bernardo-Filho et al.
(1994) descreveram a indugéo de funcdes SOS (Induteste) em cepas de E.coli
tratadas com diferentes concentragdes de SnCl,; Cabral et al. (1998) constataram
o efeito mutagénico, do SnCl,, observando que este sal gerou transversoes,
transicbes e delecdes em plasmideo pAC 189, desta forma, esses autores
comprovaram o potencial mutagénico deste ion; Dantas et al. (1996); Assis et al.
(1998a e 1998b); Dantas et al. (1999); e de Mattos et al. (2000) relataram que o
efeito genotoxico deste ion € mediado pela producao de ERO.

Mais recentemente, foi descrito a atividade genotoxica induzida por este
composto em levedura S. cerevisiae e bactérias (Pungartnik et al., 2005; Viau et
al., 2006).

1.2.2. Compostos capazes de gerar danos ao DNA

1.2.2.1. A radiacdo ultravioleta (UV) A luz UV (UVC, 254nm) é um agente
mutagénico fisico que gera varios fotoprodutos na molécula de DNA. Lesdes que
ocorrem nas bases pirimidinas sao fortemente correlacionadas a fatores de
mutagenicidade, ocasionando lesdes que interferem no pareamento normal de
bases, esse tipo de lesdo é chamado de dimero de pirimidina (Friedberg et al.,
1995).

Dependendo da forma isbmera em que esses dimeros se encontram,
podem ocorrer distorcdes na hélice do DNA, o que ocasiona parada da
replicacédo, devido ao impedimento da adicdo de novas bases. Porém existe uma
forma de reparo dessas lesdes, esta se encontra na atividade de uma enzima
conhecida como fotoliase, que € ativada quando exposta a luz azul/ normal
(Friedberg et al., 1995).

A radiacdo UVC também pode levar a formacgéo de pontes proteina—DNA e
guebras na cadeia de DNA. Entretanto, a frequiéncia dessas lesdes aumenta com
o comprimento de onda da radiacdo UV (UVB e UVA). Pontes intercadeias DNA—
DNA induzidas por UVC correspondem a 0,1 a 1% do numero total de dimeros de
pirimidina estimados (Silva et al., 2003).

Um outro tipo de lesédo provocada pela luz UV séo os fotoprodutos 6-4,
que € produzida pela ligacéo entre o carbono 6 de uma timina com o carbono 4 da

timina adjacente e o anel ciclobutano, formado pela ligacéo entre o carbono 4 e o
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carbono 5 de duas timinas adjacentes. Essas lesdes ocasionam uma grande

distor¢cédo na dupla hélice do DNA (Lehmann, 2000).

1.2.2.2. Oxido de 4-nitroquinoleina (4NQO)

O composto quimico 4NQO é considerado um agente quimico UV-
mimético, porque ao reagir com as bases puricas, produz adutos que causam
importantes alteracdes na cadeia do DNA (bulky lesions), causando quebra nas
fitas e lesdes do tipo 8-hidroxi-2’-deoxiguanosina (8-OH-dG) (Friedberg et al.,
1995).

Os estudos acerca deste composto iniciaram-se por volta de 1955, sendo
utilizado como uma droga antimalérica, onde foi observada pela primeira vez a
sua atividade tumoricida in vitro e in vivo em astrocitos (Sakai et al., 1955). Em
1957, Nakahara e colaboradores, mostraram que o 4NQO era um potente agente
carcinogénico, porém a espeécie reativa responsavel pela acdo carcinogénica,
(formado durante sua metabolizagéo), somente foi identificada anos depois (Tada
e Tada, 1976).
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Figura 6. Conversdo metabdlica do composto 4NQO. (I) 6xido de 4-nitriquinoleina; (II) 6xido de 4-

hidroxiaminoquinolina; (l11) 6xido de 4-aminoquinolina (Adaptdo de Sugimura et al., 1966).
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Inicialmente, o0 4NQO é convertido a oOxido de 4-hidroxiaminoquinolina
(4HAQO) e depois a 6xido de 4-aminoquinolina (4HQO) o qual é um aceptor final
de hidrogénio (Figura 6), que interage com C-8 de guanina, e também com 0s
nitrogénios exociclicos N2 da guanina e N6 da adenina, gerando adutos. Desta
forma, o 4NQO é um pré-mutagenico, cuja atividade carcinogénica é dependente
do ciclo redox da célula (Silva et al., 2003).

A conversdo de 4NQO a 4HQO causa danos a célula porqgue o 4HQO,
quando ativado via ciclo redox, € uma espécie reativa de nitrogénio que libera,
principalmente o O,°*, também gerando ERO. O 4NQO, por si s6, é inativo como
aceptor de hidrogénio. Para que ocorra a conversdo do 4NQO a 4HAQO
funcionam como doadores de hidrogénio NADH,; e NADPH, (Sugimura et al.,
1966).

1.2.3. Sistemas de deteccédo de genotoxicidade

A deteccdo de genotoxicidade se da por dois eventos: pela mutacdo a
frente, “forward mutation”, ocorrendo uma mudanca de um fendtipo selvagem
para um fendtipo mutante, e pela mutacdo reversa, “reverse mutation”, quando
apos ter ocorrido uma mutagdo (fendtipo mutante), o gene pode mutar
novamente, produzindo coOpias normais (fenétipo selvagem) (Friedberg et al.,
1995).

Existem diversos testes utilizados para se detectar efeitos genotoxicos,
como por exemplo, o teste de Salmonella/ microssomo, anteriormente
denominado Teste de AMES (Maron e Ames, 1983) e o sistema de deteccao de

selecdo de mutantes via sistema de canavanina (Gocke e Manney, 1979).

1.2.3.1. A canavanina

A L-canavanina (2-amino-4-(guanidinoxi) acido butirico) (Figura 7) é um
aminoacido ndo protéico, presente nos feijdes, nas cebolas, em sementes, na
alfafa, e outras plantas superiores, sendo uma forma analoga natural da L-
arginina, possuindo um importante papel de defesa contra insetos e herbivoria e
estocagem de nitrogénio (Rosenthal, 1977; 2001).
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A canavanina funciona como um potente antagonista que exibe atividade

anti-metabdlica em muitos sistemas in vivo e in vitro (Akaogi et al., 2006).
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Figura 7. Estrutura molecular da L-arginina (I) e de seu analogo, L-canavanina (Il) (Adaptado de

Luzzi e Marletta, 2005).

O ensaio para a deteccdo de inducdo de mutagdo com a canavanina mede

a resisténcia dos compostos toxicos causados por ela. O gene CAN1", quando

ativado, promove a importacdo através da arginina permease de L-arginina e de

seu andalogo toxico L-canavanina para o interior celular (Rodriguez et al., 2007) e

sendo ativada pela RNA arginil transferase (Rosenthal, 1977). Uma mutacdo a

frente no gene que codifica para a arginina permease, inibe a importacdo de

canavanina, impedindo o acumulo de canavanina nas células o que exibe o

fendtipo de resisténcia a canavanina (Rodriguez et al., 2007).
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2. Objetivos

2.1. Objetivo geral
O objetivo do presente trabalho foi a realizacdo da andlise comparativa

de sensibilidade e mutabilidade a agentes mutagénicos ou que gerem estresse

oxidativo nos fungos Saccharomyces cerevisiae e Moniliophthora perniciosa.

2.2. Objetivos especificos

= Determinar a influéncia da enzima ribonucleotideo redutase no

mecanismo de acdo do SnCl, em S. cerevisiae.

= Determinar a influéncia da ploidia na sensibilidade a mutagénicos e no
processo autofagico em M. perniciosa.

= Obter mutantes de M. perniciosa no gene CAN1l com métodos ja

desenvolvidos para S. cerevisiae, com 0 prop0sito de obter uma marca
de selecéo para M. perniciosa.
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ABSTRACT

The hemibiotrophic basidiomycete Moniliophtora perniciosa is responsible for the
“witches’ broom disease” in cacao (Theobroma cacao). In order to understand why M.
perniciosa changes from monokaryotic to dikaryotic stage, and whether this change
goes along with altered sensitivity/resistance to genotoxins, we decided to compare
sensitivities of both types of M. perniciosa cultures and of basidiospores to different
mutagens. Cells grown for 7 days on liquid glycerol or glucose medium, were
submitted to fragmentation, and 1mL of the monokaryotic/dikaryotic broken-hyphae
and basidiospores were exposed to four different mutagens, the chemicals H,O,,
Paraquat and 4NQO and radiation with UVC. The resistance ranking to the oxidative
stress-inducing mutagens H,0O, and PAQ was: basidiospores > monokaryon (glycerol)
> dikaryon (glycerol) > dikaryon (glucose) whereas the directly DNA damaging agents
UVC and 4NQO (elcited the same resistance response in basidiospores and
mono/dikaryotic cells glycerol-grown) and only glucose-grown dikaryotic cells were
significantly more sensitive. Molecular analyses of gene expression of MpATGS8
(autophagy related gene) of dikaryotic mycelia grown either in glucose or glycerol
treated with H,O, or 4NQO shows that glucose induces autophagic process mediated
by MpATGS8 while glycerol represses this process. Apparently, growth in glucose
does not only accelerate hyphal growth but also leads to higher sensitivity to all four
tested mutagens.

Key words: Moniliophtora perniciosa, genotoxicity, ploidy effects, catabolic response,
autophagic process
Abbreviations: Mp, Moniliophthora perniciosa; UVC, UVjs4nm radiation; 4NQO, 4-

nitroquinoline-1-oxide; PAQ, Paraquat
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INTRODUCTION

While most eukaryotic organisms exist as diploids, with two sets of gametic
genomes residing in the same nucleus, most basidiomycete fungi exist as dikaryons
in which the two genomes are separate nuclei that are physically paired and that
divide in a coordinated manner during hyphal extension (Clark and Anderson, 2004).
The basidiomycetes constitute a large fungal group encompassing many diverse
forms including the rusts and smuts that cause plant disease, the mushrooms and
other large forms such as boletes, puffballs, and bracket fungi, and also the yeast-like
ones, such as Cryptococcus neoformans, which is an opportunistic pathogen that
causes meningitis in immunocompromised humans (Casselton and Olesnicky, 1998).

The basidiomycete fungi derive their name from the fact that meiosis occurs in
specialized cells, called basidia, and the resulting spores, the basidiospores, are
produced outside the cell. This is in contrast to the other major group of fungi, the
ascomycetes, where meiosis occurs in a cell called the ascus and the resulting
ascospores develop inside the cell (Casselton and Olesnicky, 1998).

Filamentous microorganisms, such as many fungi, grow as physically
structured colonies in which the distance among growing tips is correlated with
relatedness by descent. In these structured systems, cell division and growth occur
predominantly at the hyphal tips near the periphery of the colony and dispersal is
restricted such that the descendants remain in adjacent areas. In a filamentous
colony, the cells in the interior of the colony may be dormant or may replicate only
infrequently (Clark and Anderson, 2004). A characteristic feature of fungal hyphae is
the presence of a large number of nuclei in a common cytoplasmic environment
(Maheshwari, 2005). Once two compatible nuclei are present within the hyphal tip
cell, all subsequent growth is in the form of a mycelial dikaryon rather than as a
diploid. This prolonged dikaryotic phase is a characteristic of basidiomycete fungi and
can be maintained indefinitely (Casselton and Olesnicky, 1998) making it the
predominant stage of the basidiomycete life cycle (Clark and Anderson, 2004).

Witches’” broom disease (WBD) of cacao, caused by the hemibiotrophic

basidiomycete Moniliophthora perniciosa, exhibits a succession of symptoms that are
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caused during the biotrophic phase of the fungus in the plant. WBD begins when
wind-borne monokaryotic spores infect young meristematic tissues through stomatal
openings and form intercellular monokaryotic hyphae. After 2 to 3 months of infection,
the fungus produces clamp connections and undergoes dikaryotization, marking the
transformation to necrotrophic phase characterized by intracellular growth (Calle et
al., 1982).

The fungus may also be using a wider variety of nutrient sources from the plant
during necrotrofic growth, including relatively non-readily fermentable polymer
substrates and fatty acids from host membranes (Goodwin et al., 2001). Changes in
host nutrient availability to the pathogen have previously been observed in this
interaction for host sulfur compounds, which appear to be more accessible during the
necrotrophic than the biotrophic phase (Goodwin et al., 2001).

In vitro M. perniciosa phase of growth is dependent on the nutrient source.
Only glycerol is required to maintain the monokaryotic mycelia, while the dikaryotic
phase of growth is kept in any carbon source (Meinhardt et al., 2005). The mycelium
of M. perniciosa in necrotrophic phase either in vivo or in vitro is a heterokaryon with
two nuclei per cell. The process of nuclear division and cytokinesis of the tip cell is
complex, involving development of a clamp connection, formation of two septa, and
fusion of the clamp with the penultimate cell, so that a nucleus of each type is
compartmentalized into a new tip cell and the penultimate cell, respectively. This
process has been observed and follows the usual sequence of nucleus fission and
migration for dikaryotic basidiomycetes (Sheperd et al., 1993).

In order to understand why M. perniciosa changes from the monokaryotic to
the dikaryotic stage, and whether this change goes along with altered
sensitivity/resistance to genotoxins, we decided to compare sensitivity to different

mutagens of both types of M. perniciosa cultures.
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MATERIALS and METHODS

Growth conditions. M. perniciosa hyphae were grown without shaking at 25°C in
complete media: dikaryotic cells were always pre-grown on CPD (2% glucose, 2%
bacto-peptone); monokaryotic and basidiospores on CPG (2% glycerol, 2% bacto-
peptone); 2% agar was added for solid media. Species specificity of M. perniciosa

cultures was confirmed by PCR amplification of the actin gene (Melo et al., 2006).

Exposure of M. perniciosa to mutagens and cell survival. Sensitivity of M.
perniciosa broken hyphae to different mutagens was determined as described by
Filho et al. (2006) on solid media (CPD/CPG) supplemented either with 4ANQO (2 to 8
uM), or PAQ (100 to 400 uM), or H,O, (1 to 4 mM). Briefly, 1 mL of M. perniciosa
broken hyphae suspension was applied to three plates of CPD or CPG containing
each mutagen, and the absolute number of “pseudo-colonies” was counted after 7
days of incubation at 25°C. Each of the three plates gave rise to a number of
“pseudo-colonies”/mL of suspension. Control plates without mutagen yielded M.
perniciosa colonies for determination of 100% survival. UVC treatment was performed
by irradiation of M. perniciosa—inoculated plates (CPD/CPG) with exposure doses
between 0 and 96 J/m? (Spectrolinker, Spectronics Corp., Westburg, NY). Results are
expressed as the percentage of survival related to the untreated controls. Results are
the mean of at least three independent experiments, and the error bars represent
standard deviation as calculated by the GraphPad Prism® program (GraphPad

Software Inc., San Diego, CA).

Basidiospore mutagen treatment. One hundred microliters of a suspension
containing about 10°/mL of M. perniciosa basidiospores, were spread onto CPG agar
plates that were supplemented with two antibiotics (streptomycin and
chloramphenicol at a concentration of 180 and 150 mg/mL, respectively). Treated
plates with each mutagen (same doses as above) were incubated at 25°C for 7 days
and then screened for appearance of M. perniciosa mini-colonies (2-5 mm, irregular

shape). Inhibition of germination tube formation was observed after 4.5 h of
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incubation with each mutagen in light microscope. Results are the mean of at least
three independent experiments, and the error bars represent standard deviation as
calculated by GraphPad Prism® program.

Primer design. Primers were designed based on genome sequences of M.
perniciosa amplified from a cDNA libray constructed by A.B. Leal from differentiated
mycelia grown in artificial media for basidiocarp production (The Genome Project,
http://www.lge.ibi.unicamp.br/vassoura). The chosen sequence is homologous to
ATG8 gene and thus was named MpATGS8. Its primers are: Forward
gATgAgCACCCCTTTgAgAA; Reverse ATAgACgAATTggCCCACAg. GenBank®
accession number EU477413 (http://www.ncbi.nlm.nih.gov/Genbank/index.html).

Gene expression: Extraction of mMRNA and further handling of the samples was as
described by Melo et al. (2006). Briefly, samples were collected after following
incubation either in CPD or CPG for 7 days and later added either 4-NQO (20 uM) or
H.O, (10 mM) to be collected after 30 min, 1h and 2h of growth with or without new
media. RNAs were isolated with RnaPure kit (QIAGEN®). Analysis of RNA extraction
efficiency and gene expression was carried out in 1% agarose gel (PROMEGA®).
RNA was purified from DNA by DNase treatment (FERMENTAS®). The first-strand
cDNAs were synthesized by the following protocol: 6 pL of reverse transcription
reaction mixture containing total cellular RNA, 5 uM of oligo (dT), 5 X RT buffer (260
mM Tris-HCI, 200 mM KCI, 25 mM MgCl,, 2.5% Tween 20), 10 mM dNTPs, and 20
U/mL of RNase inhibitor were incubated at 37°C for 5 min. After adding 200 units of
Reverse Transcriptase (Invitrogen®) tubes were incubated at 42°C for 60 min, heated
to 70°C for 10 min and then quick-chilled on ice. The cDNA was then used for
amplification the samples by PCR. Non-inducible MpACT1 gene was used as internal
standard of gene expression. PCR was performed in 25 uL reaction volumes
containing 20 ng cDNA, 1.25 uL dNTPs (2.5 mM), 1 uL MgCl, (50 mM), 2.5 pL of
buffer PCR 10X (Tris-HCI 10 mM, KCI 50 mM, MgCl; 1.5 mM, pH 8.3), 0.2 uM of each
primer pair and 0.2 pL of Tag DNA polymerase (5 u/uL) (Invitrogen®) and distilled

water to complete. Cycling conditions in a thermocycler (Eppendorf MasterCycler®)
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consisted of an initial denaturation step at 95°C for 3 min, followed by 30 cycles of
95°C for 50 s, annealing temperature of the primer for 50 s, and 72°C for 1 min. PCR
was completed by a final extension of 7 min at 72°C. Products were resolved in 1%
agarose gel and were visualized with ethidium bromide and ultraviolet illumination.

Images were taken and stored by using the Kodak-EDAS® system.
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RESULTS and DISCUSSION

Slow-growing M. perniciosa cultures are frequently infected by other fungi. We
therefore regularly controlled the identity of M. perniciosa and verified its
monokatyoric (Fig. 1A) and dikaryotic state (Fig. 1B) by microscopic observation of
clamp connections, typical for the dikaryotic phase of fungal growth. We also regularly
controlled the identity of M. perniciosa culture by the highly species-specific PCR-
amplification of actin gene (Fig. 1C, Melo et al., 2006).

When basidiospores are exposed on agar for 7 days to the mutagens the
formation of colonies depends on the influence of the mutagen on tube formation and
later on the survival of the growing mycelium. Indeed, Fig. 2 shows that there is no
correlation between germination and tube formation and the ability of colony
formation of hyphae (Fig. 3), e.g. PAQ inhibited 25% of basidiospore tube formation
(highest dose) but allowed only 8% of survival after 7 days of chronic mutagen
exposure.

Clearly, monokaryotic broken hyphae, as their dikaryotic counterparts, and
basidiospores all responded in an exposure dose-dependent manner to either chronic
treatment with chemical mutagens (Fig. 3A, B and D) or to irradiation with UVC (Fig.
3C). However, monokaryotic cells and basidiospores exhibited a significantly higher
resistance to all 4 mutagens than their dikaryotic counterparts when grown in glucose
(Filho et al., 2006). The resistance ranking to the oxidative stress mutagens (H.O,,
PAQ) was basidiospores > monokaryon (glycerol) > dikaryon (glycerol) > dikaryon
(glucose) whereas the DNA damage agents (UVC, 4NQO) elicited the same
resistance response for basidiospores and glycerol-grown mono/dikaryon and only
glucose-grown dikaryon weres significantly more sensitive.

Dikaryotic M. perniciosa shows an acquired resistance dependent on the
carbon source (glucose or glycerol), which is however, not as pronounced as that of
monokaryotic cells (Fig. 3); general acquired resistance to the same mutagens when
dikaryotic cells were pre-grown in glycerol or were shifted from glucose to glycerol
media had also been observed (Santos et al., 2008). This could be explained either

by an oxidative stress response to the non-fermentable carbon source glycerol and
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the expression of anti-ROS defense genes like MpCTT1 and MpCTA1 that showed
carbon source-dependent regulation, resembling carbon-catabolite repression, or by
the enhanced induction of specific ABC transporters (Santos et al., 2008).

The nuclei cooperate, compete or combat. It is proposed that in addition to
their classical role in heredity, supernumerary nuclei in filamentous fungi serve as
storehouse for nitrogen and phosphorus in the form of DNA to be utilized via
degradation by regulated autophagy during unavailability of macronutrients. The
recycled breakdown products enable hyphal tips to persistently extend and to forage
in new areas (Maheshwari, 2005). Olsson (2001) has described this variable structure
as a functional mycelium unit (FMU), a single organism, where nutrient capture and
use involves balancing exploratory (hyphal extension) and exploitive (cytoplasm
synthesis) modes of growth which can be correlated to the “single cell” response of
the “pseudo-hyphae” of M. perniciosa (Filho et al., 2006).

A molecular analysis of medium-induced variations on expression of MpATGS8
in drug treated dikaryotic cells was performed via RT-PCR using the non-inducible
actin gene (MpACT1) as an internal control. We could successfully amplify cDNA of
the putative MpATGS8 that is involved in autophagy (Nakatogawa et al., 2007).
MpATG8 gene yielded a different pattern of expression indicating that the carbon
source had not only a significant influence on cellular sensitivity/resistance to different
mutagens but also altered intra-cellular nutrient turnover. While MpATGS is repressed
in the presence of non-fermentable carbon source, e.g. glycerol during H,O, (Fig. 4A)
and 4NQO (Fig. 4B) exposure, it is induced in the presence of glucose (Fig.4A and
B). Apparently, absence of glycerol is a signal for imminent shortage of nutrients. This
could trigger expression of genes controlling the autophagic process, especially after
damage (Fig. 3A to D) because a higher rate of recycling is necessary to remove
possible damaged proteins.

Unidirectional transfer of nutrients from plant host to pathogen represents a
most revealing aspect of the parasitic lifestyle of plant pathogens. Wei et al. (2004)
provided evidence that glycerol played a significant role in nutrient transfer from
infected plants to the fungal pathogen Colletotrichum gloeosporioides f. sp. malvae. In

addition, the sucrose non-fermenting—related protein kinase from C. gloeosporoides f.
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sp. malvae, which is overexpressed during penetration in planta, was found to have
higher expression when the fungus was grown in glycerol (Goodwin and Chen, 2002).
Also aquaglycerolporins have been identified in several plant species capable of
facilitating the efflux of glycerol to the apoplast (Zardoya et al., 2002). Glycerol in the
apoplast can, therefore, be readily taken up by the pathogen.

An earlier study showed that the non-melanized fungal cell wall is permeable to
glycerol diffusion (de Jong et al., 1997). Unlike sugars, which require elaborate
membrane transport systems, glycerol, as an uncharged compound with only three
carbon atoms, can penetrate the fungal membrane by simple diffusion (Gancedo et
al., 1968). It is known that plant tissue at the peripheral zone of fungal infection sites
has reduced glycerol content (Wei et al., 2004). Taken together, all of the evidence
suggests that glycerol, and possibly lipids, could play a significant role in altering the
fungal response to oxidative stress during in planta growth, as it can be seen for the
in vitro response to the mutagens.

Glycerol can be utilized as a sole carbon and energy source by both bacteria
and fungi and has been characterized as a significant a metabolite existing in plant
cells at a concentration of 1-2 ymol/g fresh weight (Gerber et al., 1988), and thus it is
possible that glycerol also plays a role in the successful infection of T. cacao by M.
perniciosa. The levels of glycerol used to germinate M. perniciosa basidiospores and
to maintain the biotrophic phase in vitro are comparable with those observed by
Scarpari et al. (2005), who found significantly higher levels of glycerol in infected
green broom tissue of T. cacao as compared with uninfected tissues. Indeed, at this
stage of infection, monokaryotic cells readily can use the glycerol as an energy
source, and therefore autophagic process to recycle nutrients is not needed (Fig. 4A
e B, glycerol media); although its catabolism may generate ROS, glycerol also
induces ROS defenses (Ames et al., 1993) which leads to enhanced resistance to
ROS (Fig. 3A and B). High levels of glycerol in planta, therefore, may maintain the
biotrophic phase during the development of WBD and contribute to enhanced stress
resistance of cells.

Once these higher levels of glycerol found in the infected tissues are

completely gone in dry broom tissues, the necrotrophic phase of M. perniciosa
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prevails (Calle et al., 1982) and autophagy may now be necessary to obtain nutrients
by recycling cellular material from non-growing hyphae (Fig. 4A and B glucose
media). Thus absence of glycerol may signal future shortage of nutrients and that
may induce dikaryotization of the fungus in planta as a decisive step to complete the
sexual cycle which leads to basidiocarp and basidiospore formation. Since
necrotrophic plant tissue is no longer able to express plant defense mechanisms (e.g.
oxidative burst), there is no need for higher ROS protection of the fungus, and
therefore the dikaryotic fungus shows higher sensitivity to mutagens (Fig. 3 A to D),
Filho et al. (2006) and Santos et al. (2008). This process occurs in the dry broom
where hyphae are already subjected to low contents of readily available nutrients. In
this scenario, autophagy could be a parallel process in the fungus to obtain nutrients
by digestion of not needed hyphal material in order to progress in the sexual cycle
(Fig. 4).

In conclusion, the relative mutagen sensitivity of cells in the dikaryotic state of
M. perniciosa as compared to their monokaryotic counterparts is most probably
caused by the fact that dikaryotic hyphae grow in a dry broom, i.e. in dead/dying plant
tissue. Here, the chances of an oxidative attack are much lower, hence high
expression of genes expressing anti-ROS defenses is no longer needed. Obviously, a
different set of genes is induced that enables the fungus to derive nutrients from other
sources, i.e. substances of the dry broom made available via enzymatic degradation
(fungal proteases, nucleases or chitinases), and also by an enhanced process of
autophagy, where the fungus uses monokaryotic and resting dikaryotic hyphae as a

source of nutrients.
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FIGURE LEGENDS

Figure 1 — Photos of clamps (arrows) and no clamps of M. perniciosa monokaryotic
(A) and dikaryotic (B) mycelia. PCR amplification of species-specific actin gene (C)

(linel — monokaryotic mycelia; line 2 — dikaryotic mycelia).

Figure 2 — Percent spore germination of M. perniciosa. 0) control, no mutagen

treatment; 1) first dose; 2) second dose; 3) third dose of mutagen.

Figure 3 — Survival of M. perniciosa to four mutagens: A) H,O;; B) PAQ; C) UVC; D)
4ANQO. Dikaryotic broken hyphae grown on glucose (®) or glycerol('¥); monokaryotic
broken hyphae (@); and basidiospores(O) grown on glycerol.

Figure 4 — M. perniciosa RT-PCR of selected genes in glucose or glycerol medium

after A) H,O, B) 4NQO exposure. Numbers between lanes correspond to exposure

time (h). Conditions as described in material and methods.
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Figure 1
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Figure 4
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ABSTRACT

The basidiomycete fungus Moniliophthora perniciosa causes Witches' Broom
disease in Theobroma cacao. Though its genome has been exhaustively
sequenced and several cDNA libraries are available little is known about the
fungus’ response to mutagens and mutants are not available. Mutagenic studies
and the isolation of specific mutants in this multicellular fungus require the
treatment of basidiospores, its only single cell and haploid life form. We tested the
feasibility of basidiospore mutagenesis in isolating mutant clones with a forward
mutational system that is well-described in the single cell fungus Saccharomyces
cerevisiae. The arginine permease system is useful for mutational studies because
all selected canavanine (analog of arginine) resistant mutations are thought to
occur at a single locus, CAN1, the structural gene for arginine permease. We have
isolated M. perniciosa canavanine-resistant mutants as a tool to investigate basic
genetic events in this hemibiotrophic basidiomycete. The 3 isolated putative
Mpcanl® mutants were resistant to 60 mg/mL canavanine A, while the WT type
was not. Further phenotypic characterization of the Mpcan1-1% - mutant showed
that it had unchanged WT-like resistance to UVC treatment but that it was

significantly more resistant to H,O, when compared to the WT.

Key words: Moniliophthora perniciosa, mutation, arginine permease, canavanine
resistance

Abbreviations: Mp, Moniliophthora perniciosa; UVC, UVassnm radiation; H2Oo,
hydrogen peroxide; WT, wild type
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INTRODUCTION

The basidiomycete Moniliophthora perniciosa (formerly Crinipellis
perniciosa) is the causal agent of witches’ broom disease in cacao (Theobroma
cacao) which is the main factor limiting cacao production in the Americas (Griffith,
2004). A first step in studying this fungus was the sequencing of its genome

(http://www.lge.ibi.unicamp.br/vassoura; Rincones et al.,, 2003). With this

information homologs to genes of other fungi were discovered and their
expression studied (Melo et al., 2006; Santos et al., 2008). Some genetic tools like
transformation, gene replacement and synthetic lethal studies are still lacking or
are very cumbersome (Lima et al., 2003). In an approach to overcome some of
these difficulties we set out to develop an easy transformation system that may
function on complementation of auxotrophies, a method generally used in bacteria
and yeasts.

Mutational studies in the locus coding for arginine permease (CAN1) are
promising in M. perniciosa because this forward mutation system offers easy
selection of only mutational events. Any malfunction of the mutated CAN1 gene
(canl mutants) will yield cells devoid of functional arginine permease, so that
import of arginine and its homolog L-canavanine are inhibited. Thus, canl mutant
alleles render the cell resistant to the cell poison L-canavanine so that they, still
endowed with the genes for endogenous de novo synthesis of arginine, can grow
in the presence of L-canavanine while the WT with a functional arginine permease
takes up L-canavanine and kills itself (Gocke and Manney, 1979; Whelan et al.,
1979) Thus, all L-canavanine resistant mutations (allele designation can1®) occur
at a single locus.

L-canavanine, a non-protein amino acid present in various beans, clover,
onions, seeds and sprouts of alfalfa, and other higher plants, is a natural
homologue of L-arginine and enters the cell via the arginine-specific permease
Canlp (Rosenthal, 1977; 2001). L-canavanine works as a potent antagonist that
exhibits anti-metabolic activity in many living systems in vitro and in vivo. L-
canavanine can compete with L-arginine when cellular enzymes such as arginyl
tRNA synthetase, inducible nitric oxide synthase (INOS), and arginase target free
arginine. More importantly, L-canavanine is a substrate for arginyl tRNA
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synthetase; L-canavanine can be charged by arginyl tRNA synthetase and replace
L-arginine during protein synthesis, creating aberrant canavanyl proteins
(Rosenthal, 1977). Although the pKa of the guanidiooxy group of L-canavanine is
far less than the value of L-arginine, up to 30% of arginine residues can be
replaced by L-canavanine based on analysis of proteins synthesized in vitro
(Rosenthal, 1977; 2001). This substitution can occur in any arginine-containing
protein and results in the production of structurally aberrant, canavanyl proteins
(Rosenthal, 1977) as L-canavanine substitutions disrupt the tertiary and/or
quaternary structure that is responsible for the unique three dimensional
conformation of a protein (Rosenthal et al., 1989). This results in lower or
abolished enzymatic activity (Rosenthal, 1977; 2001) and a potentially rapid
degradation of the malformed proteins (Knowles et al., 1975). And thus, persistent
presence of intracellular L-canavanine may result in apoptotic cell death.

Induced mutagenesis and isolation of mutants is facilitated in haploid
organisms or life forms of diploids as a gene defect is not complemented by a WT
allele. Thus, in a multi-cellular basidiomycete fungus as M. perniciosa
basidiospores are best suited for this task. Once mutated and growing, the may
change to mono- and later to dikaryotic multi-cellular hyphae that all contain the
same mutant allele of the CAN1 gene and therefore all display the phenotype
resistance to L-canavanine. Broken hyphae of these mono- or dikaryotic mutants
can then be manipulated for phenotypical characterization, transformation assays
and studies of heterologous gene expression.

We used low-dose UVC as mutagenic agent to induce mutations in the
CANL1 locus and both UVC and oxidative stress-generating hydrogen peroxide for
testing the stability of the isolated M. perniciosa canl® mutants and possible

collateral phenotypic changes.
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MATERIALS and METHODS

Growth conditions. M. perniciosa hyphae were grown without shaking at 25°C in
complete media: basidiospores on CPG (2% glycerol, 2% peptone); dikaryotic
cells were always pre-grown on CPD (2% glucose, 2% peptone); 2% agar was

added for solid media.

Basidiospore treatment. One hundred microliters of a suspension containing
about 10°/mL of M. perniciosa basidiospores, was spread on canavanine minimal
medium plates (2% glycerol, 2% YNB, 2% agar and 30 or 60 mg/mL L-canavanine
sulfate, 180 mg/mL streptomycin and 150 mg/mL chloramphenicol), and, after
drying the plates in sterile air, irradiated with a single dose of UVC (150 J/m?), and
incubated at 25°C for 15 days in the dark.

Growth conditions of M. perniciosa and selection of mutants. Colonies
formed by the germination of mutagenized basidiospores on media containing
either 30 or 60 mg/mL L-canavanine (putative canl mutants) were transferred by
replica plating to CPD to allow further growth and dikaryotization. The putative
can1® mutants were once more tested for L-canavanine resistance (replica plating
on L-canavanine media 30 and 60 mg/mL): isolated hyphae from the agar-grown
colonies were subjected to glass-bead vortexing in order to break the hyphae
(Filho et al., 2006). Broken hyphae were grown at 25°C for 7 days in liquid culture
without shaking and, after vigorous vortexing, plated on CPD media and UVC-
irradiated (24, 48, 72, 96 J/m? or chronically exposed to hydrogen peroxide
(broken hyphae plated on CPD medium containing 1, 2, 3, 4 mM H,0,). Survival of
broken hyphae and formation of colonies was recorded after 7 days of incubation
at 25°C. Results are the mean of at least three independent experiments, and the
error bars represent standard deviation as calculated by GraphPad Prism®

program.
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RESULTS and DISCUSSION

Three putative Mpcan1® mutants were selected which were resistant to L-
canavanine (up to 60 mg/mL — Fig. 1) as compared to the sensitive wild type. One
mutant Mpcanl-1%, was further phenotypically characterized and was found to
have unaltered, WT-like resistance to UVC treatment, as expected (Fig. 2).
However, this mutant was significantly more resistant to H,O, when compared to
the WT (Fig. 3).

The successful UVC-induced mutagenesis in M. perniciosa revealed that
the MpCANL1 gene, responsible for the uptake of arginine and L-canavanine, has a
similar mutational response as previously shown for the yeast S. cerevisiae
(Gocke and Manney, 1979). This mutational system can now be studied in more
detail, e.g., by using more potent chemical mutagens, like ethyl methanesulfonate
(EMS) that has been shown to be an excellent mutagen, proving a high rate of
induced mutations at low cytotoxicity (van Zeeland et al., 1983). With most of the
mutagenized cells surviving treatment by EMS, the mutant yield is much higher
than when using UVC, as initially used by us. A final proof that indeed the
malfunction of MpCANL1 gene is responsible for resistance to L-canavanine is still
lacking, but may be provided by successful heterologous complementation with S.
cerevisiae CAN1 gene of Mpcanl-17 mutants. This is necessary because recent
studies of L-canavanine resistance in microorganisms have revealed that other
genes may influence resistance to this arginine analog as well.

In mutagenized yeast S. cerevisiae, the expression of resistance to L-
canavanine, is strongly dependent on the metabolic state of the cell. Frequency of
mutations recovered after UVC exposure or to X-rays varies with culture
conditions. Apparently the frequency of recovered mutants is determined by three
factors: (i) the potential mutants still possess enough permease activity to take up
some of the cell poison, and therefore some are killed before they can express the
mutant genotype. This sensitivity depends strongly on the endogenous free
arginine, which is in turn influenced by the growth medium; (ii) the rapid decay of
existing permease molecules and the inability of the potential mutants to re-
synthesize this protein results in a rapidly increasing change of expression when
selection for canavanine resistance is delayed; (iii) during the time of decay of
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permease activity, repair of the mutagen-induced DNA damage appears to occur
(Gocke and Manney, 1978).

Whelan et al. (1979) developed a system of strains and growth media to
allow efficient detection of forward mutation, reversion, complementation, and
suppression at the canavanine-resistance (CAN1) locus of S. cerevisiae. Allelic
complementation was not observed, despite testing of a large number of allele
pairs, and alleles suppressible by the ochre suppressor SUP11 were absent from
a sample of 48 spontaneous mutants and occurred infrequently (7%) among a
sample of UVC-induced mutants. Infrequent mutant types included L-canavanine-
resistant mutants capable of arginine uptake and alleles thought to represent
deletions or inversions. The recovery of spontaneous canavanine-resistant
mutants is reduced dramatically in a strain of S. cerevisiae that carries a
suppressed canl-100 allele and is permeable to, and auxotrophic for, thymidylate.
This effect does not occur in an isogenic strain that neither takes up nor requires
the nucleotide. However, it is observed for another isogenic strain which is
permeable to but not auxotrophic for thymidylate, indicating that the effect is
related to thymidylate permeability. Enhanced uptake of L-canavanine in these
cells seems to be responsible for their increased sensitivity and this growth
inhibition accounts for the diminished mutant recovery. This suggests that the
elevated transport of L-canavanine in the thymidylate auxotroph is unlikely to be
due to enhanced suppression of the can1-100 allele or to activation of the yeast
general amino acid permease (Kohalmi and Kunz, 1989).

In naturally resistant bacterial isolates, the mechanism of resistance
appears to be decomposition of L-canavanine to a non-toxic product. However, in
a resistant mutant derived from a naturally susceptible isolate, the mechanism of
resistance was an impaired uptake for L-canavanine. The toxic effect of L-
canavanine in Cryptococcus results from the incorporation of L-canavanine into
the protein component that is essential for the synthesis of proteins and RNAs
(Polacheck and Kwon-Chung, 1986).

Resistance to L-canavanine can also be modulated via regulation of the
expression of the arginine permease. Btn2p interacts biochemically and
functionally with Rsglp, a down-regulator of the Canlp arginine and lysine
permease (Chattopadhyay and Pearce, 2002). Rsglp localizes to a distinct

structure toward the cell periphery, and strains lacking Btn2p (btn2A mutants) fail
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to correctly localize Rsglp. Both btn2A and rsglA mutants are sensitive to the
arginine analogue L-canavanine. Furthermore, btn2A strains, like rsglA strains,
demonstrate an elevated rate of uptake of [14C]-arginine, which shows these
mutants to have increased intracellular levels of arginine. Overexpression of
BTN2, on the other hand, results in a decreased rate of arginine uptake. These
results indicate that altered levels of Btn2p can modulate arginine import (and
therefore also uptake of L-canavanine) through localization of the Canlp-arginine
permease regulatory protein, Rsglp. Btnlp is a vacuolar/lysosomal membrane
protein, and btnlA mutants suppress both the canavanine sensitivity and the
elevated rate of uptake of arginine displayed by btn2A rsglA strains. Up-regulation
of BTN2 expression in btnlA strains may facilitate either a direct or indirect effect
on intracellular arginine levels (Chattopadhyay and Pearce, 2002).

The nascent polypeptide-associated complex (NAC) is an abundant and
phylogenetically conserved protein complex. It is composed of two subunits and
interacts with nascent polypeptide chains emerging from the ribosome. It seems to
protect the nascent polypeptide chains from premature interaction with other cell
proteins, but also associates with DNA junctions and is involved in other
processes including transcription regulation and mitochondrial protein import. In
fission yeast Schizosaccharomyces pombe NAC is associated with ribosomes but
a significant fraction remains in a free form. The NAC alpha subunit contains an
ubiquitin-associated (UBA) domain, which is found in several proteins involved in
the ubiquitin-proteasome pathway for protein degradation. However, NAC does
not associate with ubiquitin chains and mutants lacking NAC did not exhibit any
obvious defects in protein degradation. NAC seems responsible for the natural
level of L-canavanine resistance which allows the hypothesis that NAC is involved
in protein quality control (Andersen et al., 2007). Based on the possible
physiological role previously observed, and knowing that H,O, oxidizes proteins,
we can speculate that our Mpcan1-17 is most probably a mutant in the arginina
permease gene. A modification on permeability of membranes in M. perniciosa
could be a cellular signal to induce gene expression alterations. NAC protein was
found amongst 6 proteins in a proteomic analyses of salt stress responsive
proteins in rice root (Yan et al., 2005). NAC complex and other genes (e.g.
superoxide dismutase or catalases) could be induced in the Mpcan1-1% mutant

and hence contribute to hyperesistance to H,O-.
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Despite all these complications to clearly associate resistance to L-
canavanine to a defect in the CAN1 locus, this system of selectable forward
mutations has proven very useful in initiation mutational studies in M. perniciosa.
Once all mutational procedures are optimized for M. perniciosa using this relatively
simple and economic mutagenesis assay, we will proceed with the isolation of
mutant alleles of the URA3 gene, encoding dihydroorate decarboxylase, the
enzyme catalyzing an important step in the synthesis of uracil (Boeke et al., 1986).
Once we possess strains of M. perniciosa with stable ura3 mutant alleles we can
study the heterologous expression of yeast URA3 gene in this basidiomycete
fungus. When successful, a whole array of URA3-containing yeast/E.coli shuttle
vectors can be used for improvement of the transformation procedures for M.
perniciosa and for construction of M. perniciosa/yeast or M. perniciosa/ E. coli

shuttle vectors.
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FIGURE LEGENDS

Figure 1 — Putative Mpcan1® mutants selected which resistant to L-canavanine (up
to 60 mg/mL).

Figure 2 — Sensitivity to UVC exposure (broken hyphae grown for 7 days in the
dark) of WT and putative Mpcanl-17® mutant. WT (filled squares); putative

Mpcan1-1® mutant (open squares).
Figure 3 — Sensitivity to H,O, exposure (broken hyphae grown for 7 days and

exposed to H,0,, 1, 2, 3, 4 mM) of WT and putative Mpcan1-1% mutant. WT (filled

squares); putative Mpcan1-1% mutant (open squares).
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FIGURE 1
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FIGURE 2
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6.1. Mutantes rnr4A de levedura Saccharomyces cerevisiae e sua
sensibilidade ao SnCl;

Quatro genes (RNR1 a RNR4) codificam para as quatro diferentes
proteinas da enzima tetramérica ribonucleotideo redutase responsavel pela
producdo de deoxirribonucleotideos necessarios para a sintese de DNA. Sua
regulacao esta ligada ao ciclo celular e induzida por danos provocados no DNA de
organismos como E. coli, S. cerevisiae e H. sapiens (Elledge et al., 1993).

No presente estudo foi avaliado a sensibilidade ao SnCl, de um mutante
deficiente na produgcdo de proteina Rnr4 na levedura S. cerevisiae. Pelo fato
desta se tratar de um organismo anaerdébico facultativo, as células crescidas em
diferentes fases de crescimento, logaritmica (LOG) ou estacionaria (STAT), sdo
comumente utilizadas para se testar a sensibilidade do agente quimico SnCl, em

seu metabolismo geral (Viau et al., 2006).

Uma cultura de levedura em fase STAT, possui uma maior resisténcia
intrinseca a maioria dos agentes genotoxicos, uma vez que ocorre uma mudanca
no seu metabolismo com relacédo a fatores de estresse, entre eles importacdo de
metais, ERO enddgena ou exdgena; por outro lado, as células em LOG interagem
fortemente com o ambiente através da ativacdo de permeases da importacdo e
exportacdo, como alguns transportadores do tipo ABC (Decottignies et al., 1998).
Assim, as células em LOG sdo muito mais sensiveis aos metais toxicos, através
do transporte ativo de um fon metélico exégeno, como o Sn**, que interfere
negativamente com a homeostase metdlica, que por sua vez, pode causar graves
distarbios metabodlicos, levando a morte celular (Viau C, comunicacao pessoal).

O fato do mutante rnr4A ndo chegar verdadeiramente a fase STAT, deixa-o
em um tipo de fase LOG constante, tornando-o mais sensiveis a acao genotoxica
do SnCl, (Figura 2/ Capitulo ). Isto seria explicado pela incapacidade de concluir
mitose/ citocinese apds os 5 dias de crescimento em cultura liquida, onde estaria
associada a alguns passos metabdlicos tipicos da fase LOG.

Strauss et al. (2007) demonstrou que o mutante rnr4A apresenta sempre
maiores indices de brotos que o WT. O menor processamento da enzima RNR no

mutante rr4A (Y1Y3Y2Y2) é devido a substituicdo da subunidade pequena Y4 no
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heterodimero Y2Y4 pelo Y2 no homodimero Y2Y2, o que deixa a célula com
significativa baixa na produgcao normal de pools de dNTP (Figura 3/ Introducéo e
Revisdo Bibliografica) (Perlstein et al., 2005). Essa baixa na producao de pools de
dNTP leva a um lento crescimento celular e aumento significativo da sensibilidade
ao agente fisico UVC aparentemente por ndo permitir um reparo eficiente dos
danos provocados ao DNA no mutante rnr4A (Strauss et al., 2007).

A sensibilidade observada do mutante rnr4A ao SnCl, (Figura 1/ Capitulo 1)
pode assim se refletir em uma perda (parcial) da capacidade de reparo dos danos
provocados no DNA. O aumento da sensibilidade ao Sn** de véarios mutantes
envolvidos em reparo (Viau et al., 2006) esta na mesma ordem de magnitude que
0 observado para o rnr4A, bem como a falta de mutagénese induzida por UVC em
rnr4A prejudicou a funcdo de processos de reparo translesdo sujeito a erro
(Strauss et al., 2007).

Assim o mutante rnr4A apresentou uma maior sensibilidade que o WT para
o SnCl, independente de sua fase celular (LOG/ STAT). Isto foi confirmado
quando comparada a sensibilidade ao SnCl, do selvagem WT e do mutante
rnr4A, onde o mutante rnr4A foi 3-4 vezes mais sensivel que o isogénico WT
(dados ndo apresentados). Com isso, a sensibilidade do mutante rnr4A ao Sn** é
superior ao WT pois deve-se a sua menor geracdo de pools de dNTP o que
dificulta o reparo de lesdes no DNA induzido pelo SnCl,.

6.2. Efeitos da ploidia no processo autofagico e resisténcia a mutagénicos
em Monilophthora perniciosa

Ndo houve correlagcdo entre a formacdo do tubo germinativo dos
basidiosporos de M. perniciosa e sua viabilidade celular apés 7 dias quando
expostos aos mutagénicos (Figura 2 e 3/ Capitulo Il), apesar da formacdo de
pseudo-coldnias estar diretamente ligada a germinacéo dos basidiésporos.

A aquisicdo de resisténcia das hifas dicaridticas de M. perniciosa
dependente da fonte de carbono (glicose ou glicerol), que, no entanto, ndo € tao
acentuada como nas hifas monocariéticas (Figura 3/ Capitulo Il); essa aquisicédo
de resisténcia aos mesmos mutagénicos quando células dicariéticas sdo pré-
crescidas em glicerol e transferidas para glicose ou para glicerol também foi

observada por Santos et al. (2008). Isso pode ser explicado por uma resposta ao
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estresse oxidativo para a fonte de carbono néo-fermentavel, glicerol, e pela
expressao de genes de defesa anti-ERO (MpCTT1 e MpCTALl), que revela que a
regulacdo depende da fonte de carbono, semelhante a represséo catabolica pela
fonte de carbono, ou pela inducédo acentuada de transportadores ABC (Santos et
al., 2008).

A utilizacdo de material intracelular de hifas velhas que foi degradado
também pode ser utilizado pelas novas hifas para o seu crescimento
(Maheshwari, 2005). A expressao MpATG8, provavel gene envolvido no processo
autofagico (Nakatogawa et al. 2007), indica que a fonte de carbono exerce
influéncia significativa sobre sensibilidade/ resisténcia celular para os diferentes
mutagénicos. O MpATGS8 foi reprimido na presenca de glicerol, durante a
exposicdo ao H,O, (Figura 4A/ Capitulo Il) e 4ANQO (Figura 4B/ Capitulo 1), e
induzida na presenca de glicose (Figuras 4A e B/ Capitulo Il) na fase dicariotica.
Aparentemente a auséncia de glicerol € um sinal da falta eminente de nutrientes.
Isto poderia acionar a expressdo de genes envolvidos no controle do processo
autofagico, especialmente apo6s a lesdo (Figura 3/ Capitulo Il), onde a taxa de
reciclagem é necessaria para remocao de possiveis proteinas danificadas.

Wei et al. (2004) afirma que o glicerol desempenha um papel importante na
transferéncia de nutrientes das plantas infectadas para o patdogeno. O glicerol
presente no apoplasto celular pode ser prontamente absorvido pelo patogéno.
Diferentemente da glicose, que requer elaborados sistemas de transporte de
membrana, o glicerol pode penetrar na membrana do fungo por difusdo simples
(Gancedo et al., 1968). Sabe-se que os tecidos da planta, da zona periférica de
infeccdo tém reduzida quantidade de glicerol (Wei et al., 2004). Tomadas em
conjunto, todas as evidéncias sugerem que o glicerol e, possivelmente os lipidios,
poderiam desempenhar um papel significativo da resposta do fungo ao estresse
oxidativo promovido pela planta, como pdde ser observada in vitro na resposta
aos mutagénicos utilizados.

O glicerol pode ser utilizado como Unica fonte de carbono e energia por
bactérias e fungos e tem sido caracterizado como significativo na existéncia
metabdlica em planta em uma concentracdo de 1-2 pmol/g de peso fresco
(Gerber et al., 1988), e, assim, é possivel que o glicerol seja utilizado pelo M.
perniciosa como fonte de carbono para infectar o T. cacao. Os niveis de glicerol

usados para a germinacdo de basidiésporos de M. perniciosa e para manter a
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fase biotréfica in vitro sdo comparaveis aos observados por Scarpari et al. (2005),
gue mostrou elevados niveis de glicerol durante a vassoura verde no T. cacao,
em comparacdo com tecidos sadios. Nesta fase da infecgdo, as hifas
monocariéticas usam o glicerol como fonte de energia, e, por conseguinte, o
processo autofagico ndo é necessario (Figura 4A e B, meio com glicerol/ Capitulo
II), embora possa também gerar ERO, o glicerol também induz defesas a EROs
(Ames et al., 1993), que conduz ao refor¢o da resisténcia a ERO (Figura 3A e B/
Capitulo 11). Altos niveis de glicerol, na planta, por isso, podem manter a fase
biotrofica durante o desenvolvimento da doenca e contribuir para acentuar a
resisténcia das células ao estresse.

Depois que esses niveis mais elevados de glicerol encontrados nos tecidos
infectados sdo completamente esgotados nos tecidos da vassoura seca, a fase
necrotréfica de M. perniciosa prevalece (Calle et al., 1982) e o processo de
autofagia também podem ser necessario para obtencédo de nutrientes (Figura 4A
e B, meio com glicose/ Capitulo Il). Assim a auséncia de glicerol pode ser um
sinal futuro da escassez de nutrientes e que pode induzir a dicariotizagdo do
fungo na planta como um passo decisivo para completar o ciclo sexual. Durante a
fase necrotrofica a planta ndo apresenta mecanismo de defesa, e entdo o fungo
nao possui a necessidade de se proteger contra EROs e, portanto, o fungo
dicariético mostra maior sensibilidade para mutagénicos (Figura 3 A a D/ Capitulo
II), Filho et al. (2006) e Santos et al. (2008). Esse processo ocorre durante a
vassoura seca onde as hifas sdo submetidas a baixa concentracdo de nutrientes.
Neste cenario, a autofagia poderia ser um processo paralelo no fungo para obter
nutrientes por digestdo do material das hifas, a fim de dar continuidade no ciclo
sexual (Figura 4/ Capitulo I1).

6.3. Selecdo de mutantes de Monilophthora perniciosa canavanina
resistentes

O sucesso da mutagénese UVC induzida em M. perniciosa (Figura 1/
Capitulo 3) revelou que o gene MpCAN1, provavel responsavel pela captacdo de
arginina e L-canavanina, tem uma resposta fenotipica ao agente UVC semelhante

ao demonstrado na levedura S. cerevisiae por Gocke e Manney (1979) (Figura 2/
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Capitulo 3). Surpreendentemente, o mutante Mpcan1® mostrou-se mais resistente
ao H,0O, quando comparado com a linhagem selvagem (Figura 3/ Capitulo 3).

Recentemente foi demonstrado que a resisténcia a canavanina pode estar
associada a um complexo protéico denominado NAC (nascent polypeptide
associated complex). NAC é abundante e filogeneticamente conservado entre as
espécies sendo responsavel pelo nivel natural de resisténcia de L-canavanina e
também esté envolvido no controle da qualidade protéica (Andersen et al., 2007).
Provavelmente MpcanlR ndo ¢ um mutante NAC, uma vez que os mutantes de
M. perniciosa apresentaram-se resistentes ao H,O, (agente oxidante também de
proteinas).

Yan et al. (2005) revelou a expressdo de NAC através de estudos de
protedOmica de raiz de arroz quando estas sdo induzidas ao estresse salino.
Assim, como Mpcan1® provavelmente é uma permease de membrana, a alteracéo
da permeabilidade da membrana pode ser um sinal intracelular para que genes
envolvidos em resposta ao estresse (inclusive NAC) estejam induzidos no
mutante Mpcan1®.

A prova final do ndo funcionamento do gene MpCAN1 responsavel pela
resisténcia a canavanina ainda nao foi feita, mas que pode ser fornecida pela
complementagdo heter6loga com o gene CAN1 da levedura S. cerevisiae nos
mutantes MpcaniF®,

Apesar de todas as complicacbes claramente associado a resisténcia a L-
canavanina para um defeito no locus CAN1, este sistema de selecdo de mutacao
a frente tem-se revelado til para os estudos de mutacdo em M. perniciosa.

Este sistema de mutacdo pode agora ser estudado com mais detalhes, por
exemplo, utilizando  agentes  mutagénicos mais  potentes, = como
etilmetanosulfonato (EMS), que demonstrou ser um excelente mutagénico, pois
provoca elevada taxa de mutac¢des induzidas e baixa citotoxicidade (van Zeeland
et al., 1983).
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A partir da analise dos resultados obtidos neste estudo conclui-se que:

A sensibilidade do mutante rnr4 de levedura S. cerevisiae ao agente
quimico SnCl,, é independente da fase de crescimento (LOG ou STAT).
Isto significa que outros mecanismos estdo envolvidos, mais
provavelmente o néo-funcionamento parcial do reparo de DNA causado

pelo baixo fornecimento de pools de dNTPs.

A ploidia do fungo M. perniciosa influencia a sensibilidade ou resisténcia a
agentes mutagénicos, onde as defesas anti-ERO durante a fase

monocaridtica do fungo sdo mais ativas que durante a fase dicaridtica.

Durante a fase dicari6tica, o fungo M. perniciosa utiliza nutrientes providos

da ativacdo de genes envolvidos no processo autofagico (MpATGS).

Testes para a avaliacdo da capacidade de inibicdo do tubo de germinacgéo
dos basidiésporos frente a agentes mutagénicos, mostraram a néao
correlacdo entre a formacéo do tubo germinativo e viabilidade celular do

fungo M. perniciosa.

A mutagenizacdo de basidiosporos de M. perniciosa utilizando os mesmos
conceitos genéticos do organismo modelo S. cerevisiae € factivel, embora
a resposta fisiologica obtida foi inesperada. Os mecanismos que envolvem

esta resposta ainda ndo foram elucidados.
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Este trabalho abre novas possibilidades de aprofundamento dos dados
aqui obtidos sobre sensibilidade e mutabilidade nos fungos M. perniciosa e S.

cerevisiae, através das seguintes perspectivas:

= Buscar genes responsaveis pelo transporte do Sn®* para o interior celular
da levedura S. cerevisiae, testando linhagens defectivas no transporte de

membrana, do tipo ABC (transportadores com ATP-binding cassette);

= Identificar a localizacdo do Sn** no interior celular da levedura S.

cerevisiae, com a utilizagcdo de microscopia eletronica de transmissao;

= Observar o processo de mudanca de fase do fungo M. perniciosa, atraves
da definicho de genes envolvidos na dicariotizagdo, assim como a
caracterizacao fenotipica e molecular deste processo;

= Dar continuidade ao trabalho de mutagenizacdo dos basidiésporos de M.
perniciosa para obtencdo de novos mutantes de CAN1, repetindo-se 0s
experimentos j4 realizados, além da posterior caracterizacdo dos mutantes
canl®, bem como a mutacdo do gene MpURAS3, resultando num fenétipo

de resisténcia para 5-acido fluorético (5-FOA) e auxotrofia para uracil.
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Abstract

Resistance to stannous chloride (SnCl,) of the yeast Saccharomyces cerevisiae is a product of several
metabolic pathways of this unicellular eukaryote. Sensitivity testing of different null mutants of yeast to
SnCl, revealed that DNA repair contributes to resistance, mainly via recombinational (Rad52p) and error-
prone (Rev3p) steps. Independently, the membrane transporter Atrlp/Snqlp (facilitated transport) con-
tributed significantly to Sn*" -resistance whereas absence of ABC export permease Snq2p did not enhance
sensitivity. Sensitivity of the superoxide dismutase mutants sod/ and sod?2 revealed the importance of these
anti-oxidative defence enzymes against Sn>" -imposed DNA damage while a catalase-deficient mutant (czt1)
showed wild type (WT) resistance. Lack of transcription factor Yapl, responsible for the oxidative stress
response in yeast, led to 3-fold increase in Sn>'-sensitivity. While loss of mitochondrial DNA did not
change the Sn>"-resistance phenotype in any yeast strain, cells with defect cytochrome ¢ oxidase (CcO
mutants) showed gradually enhanced sensitivities to Sn*" and different spontaneous mutation rates.
Highest sensitivity to Sn®" was observed when yeast was in exponential growth phase under glucose
repression. During diauxic shift (release from glucose repression) Sn’' -resistance increased several hun-
dred-fold and fully respiring and resting cells were sensitive only at more than 1000-fold exposure dose, i.e.
they survived better at 25 mM than exponentially growing cells at 25 uM Sn>". This phenomenon was
observed not only in WT but also in already Sn*" -sensitive rad52 as well as in sodl, sod2 and CcO mutant
strains. The impact of metabolic steps in contribution to Sn*" -resistance had the following ranking: Resting
WT cells > membrane transporter Snqlp > superoxide dismutases > transcription factor Yaplp=>DNA
repair > exponentially growing WT cells.

Introduction

Trace amounts of different metals play a crucial
role in cellular metabolism as they constitute li-
gands of diverse enzymes (Eide & Guerinot 1997).
At higher concentrations metal ions, especially
some of heavy metals, interfere negatively with
cellular metabolism as they may inactivate pro-

teins and damage DNA (McMurray & Tainer
2003). Evolution thus favoured survival of
organisms which had developed mechanisms that
guaranteed optimal intracellular metal concentra-
tion by balancing metal uptake from the environ-
ment and metal excretion/neutralization (metal
homeostasis (Tomsett & Thurmann 1988)). Mod-
ern food preservation relies on sterilization and
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packaging of food, and tin plays an important role
in this process as it is used for the inner lining of
metal containers and for conservation of soft
drinks (McLean et al. 1983a). Tin thus comes into
contact with the packaged food and may form
stannous salts. Increased consumption of canned
foods, therefore, is held responsible for tin accu-
mulation in humans of wealthy countries
(Schroeder et al. 1964).

Stannous chloride (SnCl,) is a weak mutagen as
defined by its genotoxicity in unicellular prokary-
otes (Bernardo-Filho et al. 1994; Dantas et al.
1996) and cukaryotes (Pungartnik et al. 2005) as
well as its DNA interactions in mammalian cells
(McLean & Kaplan 1979; McLean et al. 1983b).
Mutagenicity and mitotic gene conversion induced
by Sn*" in Saccharomyces cerevisiae points to the
involvement of error-prone repair mechanisms in
the removal of DNA lesions and the involvement
in repair of the recombinational Rad52-controlled
pathway was also shown (Pungartnik ez al. 2005).

Metal uptake and metal homeostasis in yeast
are controlled by a complex system of metabolic
steps, most prominently by membrane transport-
ers (Eide & Guerinot 1997; Van Ho et al. 2002)
and by intracellular neutralization with thiol-oli-
gopeptides and metallothioneins (Heuchel et al.
1994). Thus it is likely that changes in Sn** uptake
or excretion via membrane transporters might also
influence sensitivity of yeast cells to this metal.
Once in the cell, the genotoxic potential of Sn?*
might also be significantly modulated by other,
non-DNA repair or membrane transport-related
physiological parameters, i.e., the quality and
quantity of enzymatic and non-enzymatic scav-
engers of metal-induced reactive oxygen species
(ROS). SnCl, is known to produce ROS (Dantas
et al. 1999) most probably via Fenton-like reac-
tions (McLean et al. 1983b) and thus the genetic
endowment of yeast with anti-oxidative defence
systems, e.g., superoxide dismutases, catalase,
glutathione, and their oxidative stress-induced
expression might contribute to Sn** -resistance.

Anaerobically growing microorganisms, espe-
cially obligate anaerobes, are known to have a
higher metal sensitivity than aerobically living
microbial species. The facultative anaerobe yeast
S. cerevisiae can grow both in presence or absence
of respiratory metabolism, and thus might be a
good model organism to test the influence of
general energy metabolism on sensitivity to Sn*".

Mitochondrial activity plays a crucial role in aer-
obic energy metabolism of eukaryotes and it is
thus likely that defects in the respiratory chain
located within the inner mitochondrial membrane
might directly or indirectly contribute to the gen-
eration of ROS (Barros et al. 2003) which might
be altered by the presence of Sn*".

All above-mentioned metabolic steps are con-
trolled by proteins encoded in the yeast cell’s
genome and thus can be influenced by genetic
manipulation. Therefore, this unicellular fungus
offers itself as an ideal eukaryotic model for the
observation of Sn”"-induced effects on its DNA,
allowing to determine the relative contribution to
Sn** -resistance of individual protective metabolic
pathways.

Materials and methods
Yeast strains and growth conditions

The relevant genotypes of the yeast strains used in
this work are given in Table 1. Media, solutions
and buffers were prepared according to Burke
et al. (2000). Complete medium (YPD) was used
for routine growth of yeast cells and minimal
medium (MM) was supplemented with the
appropriate amino acids (synthetic complete
medium, SC). To ascertain yeast respiratory
competence and for elimination of spontancously
accumulated petites all strains were pre-grown on
YPglycerol media (glucose replaced by 2% glyc-
erol) before being grown in YPD.

Yeast exposure to SnCl, and survival

Stationary (STAT) cells were grown in YPD at
30 °C for 72 h. Different times of growth of STAT
cells in fresh medium yielded cells in exponentially
phase of growth (LOG). LOG cells were micro-
scopically checked for bud appearance and the
bud index (% budded cells) was established. Sen-
sitivity of twice saline-washed yeast suspensions to
SnCl, was routinely determined in liquid saline
(0.9% NaCl, pH 5.0). Exposure concentration was
25 mM for STAT cells and 25 uM for LOG
cells. Exposure time was for 60 min at 30 °C.
Thereafter, SnCl,-mediated cell aggregates were
de-clumped in phosphate buffer (PB, pH 7.4,
0.067 M) followed by vigorous vortexing before
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Yeast strains

Genotype

Reference

XS2316 (WT)

XV185-14¢ (WT)
BY10000 (WT)

4 BY rad mutants
YPH98 (WT)
4NQO sensitive
ql

q2

q3

q4

EG103 (WT)
EGL18 (sodIA)
EGL110 (sod2A)
EG133 (sodIAsod2A)

EG223 (cttIA)
BER/NER (WT)
Base excision
repair mutants

W303 (WT)
Mitochondrial mutants

MATa + leul — 1trp5 — 48 + + + his] — 208

MATo. ade6 leul-12 + cyh2 metl3 lys5-1 his1-208

MATo ade2-2 his1-798 lysi-1 trp5-48 hom3-10 arg4-17
MATo his3A1 lys2A0 leu2AO ura3A0

Same genotype as BY 10000 but rad52A, rad2A, rad4A, rad6A
MATa ura3-52 lys2-801 ade2-101 leu2-Al trpl-Al

Same genotype as YPHO8 but snqlA, sng2A, sng3A/yapIA
Same genotype as YPH98 but rho®

Same genotype as ql but gsh/A

Same genotype as ql but gshIAlwgIA

Same genotype as ql but /wg/A

MATo it leu2-3, 112 his3AI trpl-289 ura3-52 GAL™
sodl::URA3 all others markers as EG103

sod2::TRPI all others markers as EG103

sodl::URA3 sod2::-TRP1 double mutant, all

others markers as EG103

cttl::TRPI all others markers as EG103

MATo ade2-101 his3A200 ura3ANco lys2ABgl

Same genotype as BER/NER WT but

ntgIA, ntg2A, ntglAntg2A, ntglAntg2AapnliA,
ntglAntg2AapnlArad52A, ntglAntg2AapnlAradlA,
ntglAntg2AapnlAreviA

MATa ade2-1 leu2-3, 112 his3-11,15 trpl-1 ura3-1 canl-100
Same genotype as W303 but coxI4A, cox15A,

Machida & Nakai (1980)

von Borstel et al. (1971)
EUROSCARF

See above

Wehner et al. (1983)

See above

M. Grey, Frankfurt/Main
See above

See above

See above

E.B. Gralla, Los Angeles
See above

See above

See above

See above
Swanson et al. (1999)
See above

A. Tzagoloff, New York
See above

coxI6A, coxI7A, cox18A, cox20A, shylIA,

scolA, pet100A, petll7A

dilution in PB and plating (Pungartnik et al. 2005).
Cells were plated on YPD and survival was
determined after 3 d at 30 °C. Presented results are
the mean of at least three independent experi-
ments, the standard deviation and statistical
analyses were calculated by GraphPad Prism®
program.

Spontaneous mutation of mitochondrial mutants

STAT cells were grown in YPD at 30 °C for 72 h,
washed twice with saline (0.9% NaCl, pH 5.0) and
yeast suspensions plated on media SC (survival)
and SC-Trp (spontancous mutation). Following
incubation for 7 d at 30 °C, colonies appearing on
SC medium yielded data on cell survival, while
those grown on SC-Trp represented the sponta-
neous mutations. Frequencies of spontaneous
genomic mutation in different mitochondrial mu-
tants (deficient of functional CcO) were scored per
107 cells. Results are means of three independent
experiments, the standard deviation and statistical

analyses was performed using the GraphPad
Prism® software.

Results and discussion
Repair of Sn** -induced DNA lesions

The sensitivity of 35 different yeast strains (STAT
cells of WT and isogenic mutants) to 60 min
exposure at 25 mM of SnCl, is given in Tables 2
and 3. The range of killing of mutant cells as
compared with the WT varied not more than 2
decades (survival between 1 and 90%, Table 2) or
not at all (Table 3). Amongst the seven different
DNA repair WT strains, survival varied from 25 to
90%, depending on the genetic background of
each strain. Six of the WT strains can be roughly
allocated to two sensitivity groups (survival either
around 25 or 85%), with strain W303 in between
(Table 2). These WT sensitivity variations were
neutralized when comparing to sensitivities of
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Table 2. Sensitivity to SnCl, (25 mM, 60 min) of STAT cells of different yeast strains.

Strains SnCl, p value® Relative sensitivity increase®
WT (XS2316) 90.3 +£ 3.3 -
WT (XV185-14¢) 85.0 + 8.0 -
WT (W303) 57.0 + 5.4 -
WT (Y10000) 24.1 £ 1.1 -
rad2A 13.5+28 <0.05 1.4x
rad4A 10.3 £4.8 <0.01 1.5%
rad6A 8.1+0.0 <0.0001 1.7x
rad52A 2.8+09 <0.0001 2.5x
WT (YPH98) 28.2 + 6.2 -
snqlA 145+ 0.5 <0.05 1.5%
sng2A 23.0+0.4 n.s. 1.1x
snq3A/yaplA 1.9+0.2 <0.05 3.0x
WT (EG103) 26.2 + 6.2 -
sodIA 53+£0.5 <0.01 2.5%
sod2A 17.5 £ 0.5 n.s. 1.4x
sodlsod2A 25+0.2 <0.01 3.0x
cttIA 49.0 + 6.1 n.s. 0.6x
cttIAsodIA 26.0 + 2.3 n.s. 1.0x
WT 87.2 £ 0.7 -
ntglA 77.4 £2.8 <0.01 1.7x
ntg2A 69.2 £22 <0.001 2.5%
ntglAntg2A 70.3 £ 1.6 =0.001 2.5x
ntglAntg2AapnlA 70.0 £ 3.4 =0.001 2.5%
ntglAntg2AapniArad52A 550+ 1.3 <0.0001 4.0x
ntglAntg2AapniAradlA 31.3+0.8 <0.0001 7.0x
ntglAntg2AapnlArev3iA 19.5 £ 0.6 <0.0001 11.0x

AUnpaired ¢ test (95% interval confidence); statistical analyses comparing each mutant to its isogenic WT."Sensitivity is defined by the
inclination of an idealized linear inactivation curve in a semi-log plot. If WT survives 10% and mutant 1%, sensitivity increase of the
mutant is by factor 2.n.s. not significantly different from the isogenic WT.

mutant strains, as always a set of WT and WT-
derived isogenic mutant strains were compared.
Sensitivities (or relative resistance) of mutant
strains were calculated by comparison with the
WT of semi-log graphs of respective survival
curves.

It is known that SnCl, sensitivity in yeast in-
creases from WT (RAD) < rad2A < rad4A <
rad6A < rad52A in the Y10000 (EUROSCARF)
background (Pungartnik ez al. 2005). The recom-
bination repair-deficient mutant rad52A had a 2.5-
fold higher sensitivity as compared to the WT
(Table 2). The relative resistance of mutant strains
rad2 and rad4, deficient in nucleotide excision re-
pair (NER) was rather high, indicating a minor but
significant contribution to repair of Sn>" -induced
DNA lesions by this repair pathway.

A series of mutants defective in different base
excision repair (BER) pathways, combined with
nucleotide excision repair (BER/NER, constructed
elsewhere) were used to indirectly determine the
type of SnCl,-produced DNA lesion. Three DNA
N-glycosylases, encoded by yeast genes NTGI,
NTG2, and OGGI are known to be involved in
repair of oxidative DNA damage that results in
abasic sites in DNA (You et al. 1999, Alseth et al.
1999, Boiteux and Guillet 2004). Mutant allele
ntg2A conferred the highest sensitivity (not to be
enhanced in the ntg/Antg2AapniA triple mutant)
demonstrating the necessity of the nucleus-located
Ntg2p (Alseth er al. 1999) for repair of Sn*"
-induced DNA lesions (Table 2), whereas the
apurinic site endonuclease Ntglp, mainly localized
in the mitochondria (You et al. 1999) and the



Table 3. Mutant alleles not affecting Sn>" -resistance (25 mM,
60 min) of STAT cells.

Strains

ql WT

q2* gshIALWG1

q3 gshiAlwgl

q4 GSHI lwgl

erg3A [EUROSCARF]

0ggIA [EUROSCARF]
magIA [EUROSCARF]
gshl1A* [EUROSCARF]
cttIA [EUROSCARF]

*Grown in SynCo media supplemented with 100 ug GSH/ml.

OGGl-encoded N-glycosylase seem dispensable
for repair of Sn*"-induced DNA lesions (Tables 2
and 3).

Although all mutants containing n7g2A in
conjunction with mutant alleles of other repair
pathways (NER, error-prone or recombinational
repair) had statistically significant higher sensitiv-
ity than the WT, the rev3A mutant allele-contain-
ing quadruple mutant strain was the most
sensitive, thus indicating that the error-prone
repair pathway (translesion synthesis (Lawrence
2002)) may make the highest contribution to repair
of SnCly-induced DNA lesions (Table 2); this
could explain the observed mutagenicity of SnCl,
(Pungartnik ez al. 2005). The response to SnCl,-
induced oxidative DNA damage thus differs from
that introduced by hydrogen peroxide where the
contribution of translesion synthesis is smaller
than that of recombinational repair (Salmon et al.
2004). Introduction of a rad52A mutant allele,
conferring lack of recombinational repair, into the
BER triple knockout mutant ntglAntg2AapniA led
to a significant increase in sensitivity, demon-
strating that the two repair modes contribute (at
least in part) independently to removal of SnCl,-
induced DNA lesions (Table 2). The same can be
said after the introduction of a radlA mutant allele
that yields an even more sensitive quadruple
mutant strain. This indicates that NER, indepen-
dently from BER or recombinational repair, can
remove part of Sn**-induced DNA damage, most
probably abasic sites (Torres-Ramos ez al. 2000).
These overlapping specificities of BER, NER,
recombination and error-prone translesion
synthesis in repair of damaged bases has already
been shown by Swanson et al. (1999). Since DNA
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repair mechanisms were largely conserved during
evolution (Eisen & Hanawalt 1999), the repair of
Sn**-induced DNA damage via several different
repair pathways in yeast might suggest a similar
repair scenario in humans.

Membrane transport proteins influence Sn”*
toxicity

Two types of yeast membrane transporters were
tested for their putative contribution to Sn*" -uptake/
homeostasis. Cells deficient in the facilitated
transporter Atrlp/Snqlp (Kanazawa et al. 1988,
Gompel-Klein & Brendel 1990) showed signifi-
cantly increased Sn*" -sensitivity (factor 1.5) while
a deletion mutant of the ABC transport protein
Sng2p that so far has been shown to mediate
resistance to structurally unrelated chemicals like
4-Nitro-quinoline oxide, sulphometuron methyl,
triaziquone, and phenanthroline (Servos et al.
1993) was practically as resistant as the WT
(resistance ranking was WT 2= sng2A> snqlA).
Complexity of metal ion homeostasis (Van Ho
et al. 2002) however, makes it highly likely that
other, hitherto unknown transport protein are also
involved in Sn*" transport (import/export). In-
deed, it has been shown that SnCl, facilitates the
Ca®" entry through the L-type calcium channel
under the condition of the membrane depolariza-
tion. There is the possibility that Ca*" release from
intracellular Ca?" pools is involved in the action of
SnCl, (Hattori ef al. 2001) and that tin induces
considerable changes in the metabolism of
endogenous metals such as zinc and copper
(Chmielnicka et al. 1981).

Lack of adaptive response to oxidative stress
leads to Sn”" -sensitivity

Mutants lacking yeast transcription factor Yaplp
displayed a 3-fold higher Sn>" -sensitivity than the
isogenic WT (Table 2). Under oxidative stress Yap|1
is oxidized and rapidly accumulated in the nucleus
where it regulates the expression of up to 70 genes
encoding proteins involved in oxidative stress re-
sponse (Wood et al. 2004). Thus the yapl mutant’s
sensitivity response indicates that anti-ROS defence
systems of WT yeast are transcriptionally activated
after Sn®" -exposure. A similar response to oxidative
stress exists in bacteria where the transcription
activator OxyR induces the genes coding for
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anti-stress proteins. Bacterial strains lacking a
functional OxyR gene are used in the Mutoxitest to
detect, via their specific sensitivity phenotype, ROS
producing chemicals (Martinez et al. 2000). Such
mutants also display a significantly higher sensitiv-
ity to Sn** (Pungartnik et al. 2005).

Yeast mutants lacking one or two genes
encoding anti-oxidative defences (superoxide
dismutase mutants sodIA, sod2A, and the double
mutant sodl/Asod2A) revealed 2-3-fold higher
sensitivity to SnCl,. The yeast strain containing
both sod mutant alleles exhibited about additive
sensitivities of the respective single mutants
(Table 2). Judged by the higher sensitivity of sodIA
mutant (Pungartnik ez al. 2005), cytosolic Sodlp
seems more important than mitochondrial Sod2p
in protecting against the toxic effects of Sn”** in
STAT cells. On the other hand cytoplasmic cata-
lase Cttlp (Hartig & Ruis 1986) is apparently not
involved in detoxification of any Sn*'-induced
ROS. In bacteria, H>O, induces a cross-adaptive
response to ROS-producing agents, amongst them
SnCl, (Assis et al. 2002) suggesting that the OxyR
transcription activator, which induces expression

of catalase, alkyl hydroperoxide reductase and
superoxide dismutase protects against Sn**-gen-
erated oxidative stress. The Yapl transcription
activator in yeast may have the same function (Wu
& Mowe-Rowley 1994). However, this protective
response to oxidative stress does not render a yeast
cell about 1,000-fold more resistant (as calculated
in exposure dose necessary for a like-wise killing)
to Sn*" as is seen when changing from glucose-
repressed LOG to the glucose de-repressed STAT
phase (cf. below and Figures 3 and 4). It has been
suggested that two independently acting anti-ROS
protective systems (one mediated by glucose
repression/de-repression, the other via ROS-
inducible transcription activators) are working in
yeast (Maris et al. 2001), and our data imply that
both are contributing to Sn** -resistance.

Defects in respiratory chain lead to Sn’" -sensitivity

Yeast strains containing mutant alleles of genes
encoding proteins of mitochondrially located
cytochrome c¢ oxidase (CcO-deficient mutants),
also showed enhanced and variable sensitivity to

A

** P<0.01
*** P<0.001
*% P<0.0001

cox15 petll7 cox14 cox18 coxl

SnCl; [25mM] 60 min

100 4
j — 2X
= 33X 3x
S
©
2 104
S 1
=
n
1
W303 cox17 cox20 shyl
20 -

*%

B

*P<0.03
**P=0.0015
*** P<0.0005
*+ P<0.0001

H XY

TRP1 revertantsx107 cells

W303 cox16 petl00 petll?7 cox20

cox1l4 scol shyl cox18 cox1l5

Figure 1. (A) Survival of STAT cells of WT and 9 mitochondrial mutants after 60 min SnCl, exposure (25 mM). (B) Reversion of
tryptophan mutant allele 77p/-/ in mitochondrial mutant strains (zrpI-1), per 107 survivors. Numbers above the error bar of each
column (A) gives the sensitivity increase of the respective mutant. Cells were diluted in PB.



SnCl, (Figure 1A). Interestingly, this sensitivity
could be strongly enhanced in a coxII/pso7-1
mutant (Pungartnik er al. 1999) when introducing
the erg3/pso6 mutant allele (Schmidt et al. 1999),
as a second mutation (Brendel et al. 2003). Alone,
the erg3/pso6 mutant allele confers ergosterol
deficiency and renders the mutant not sensitive to
Sn*" (Table 3), suggesting a non-protective role of
this membrane constituent against the oxidative
stress induced by this metal. In combination with
coxll/pso7-1 mutant allele, however, erg3/pso6
showed a dramatic sensitivity effect. Generally
CcO-deficient mutants are thought to produce
more H>O, by letting electrons escape from the
respiratory chain (Barros et al. 2003). This ele-
vated H,O, might act as a mutagen on genomic
DNA. We assayed, therefore, for spontaneously
induced mutations in the trpi-1 locus (reversion to
trp ") in mutant alleles of 9 different CcO-encoding
genes (Figure 1B). While 2 CcO mutants, coxI6
and pet100 had indeed higher-than-WT mutability
in trpl-1, six others, i.e., the majority showed
lower-than-WT mutability (Figure 1B), so that a
general assumption of higher spontaneous muta-
tion in CcO mutants could not be verified. It is
known that Sn*" generates ROS via Fenton-like
reactions (McLean et al. 1983) and that there is
variable content of ROS being produced in dif-
ferent CcO mutants (Barros et al. 2003). This
might be the reason for, or at least contribute to,
the observed variation of Sn®"-sensitivity in the
CcO mutants (Figure 1A). It must be emphasized,
however, that total lack of respiratory chain
activity in rho’ mutants does not lead to enhanced
Sn** -sensitivity, as isogenic tho™ and rho” strains
(YPHO98 and ql, respectively) have identical WT-
like survival (Tables 2 and 3).

. . . . - .
Diauxic shift-induced Sn’" -resistance

The highest SnCl, -sensitivity, however, was ob-
served in glucose-repressed pre-diauxic shift
exponentially growing cells (LOG cells (Figure 2)).
On the basis of comparison to the SnCl, exposure
dose required for likewise inactivation of STAT
cells we found a more than 1000-fold increase in
sensitivity (LOG slightly more sensitive to 25uM
Sn** than STAT at 25 mM (Figure 3)). The sig-
nificant increase of sensitivity of sod mutants as
compared to the WT was the same in LOG cells at
25 uM Sn>" exposure as seen in STAT cells at the
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Figure 2. Sensitivity to 20 minutes Sn*"-exposure of haploid
WT strain Y10000 (grey column) and rad52A (white column);
(m) STAT cells exposed to 25 mM; (@) LOG cells exposed to
2.5 mM. Cells were diluted in PB.

1000-fold Sn*" exposure dose (Table 2). The high
resistance to Sn*" is acquired during and after the
diauxic shift, i.e., when the yeast LOG cells are
released from glucose repression and many cellular
functions are adapted to respiratory metabolism.
This resembles the response of yeast cells during
diauxic shift-induced resistance against hydroper-
oxides (Maris et al. 2001). This process is inde-
pendent of one tested repair function (Rad52p)
(Figure 2), of the presence of superoxide dismu-
tases (Figure 3), functional cytochrome ¢ oxidase
(Figure 4), and the presence of any mitochondrial
respiratory metabolism (rho® mutants).

100

survival (%)

10, 20 40 60
SnCl, [25uM] exposure time (min)

Figure 3. Sensitivity to 25 uM Sn?'-exposure of LOG cells of

haploid WT strain EG103 (m); and its isogenic mutants sod2A

(n); sodIA (V); and the double mutant sod/Asod2A (O).
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Figure 4. Sensitivity to 25 uM Sn*'-exposure of LOG cells

with different defects in cytochrome ¢ oxidase WT W303 (m);
cox15A (D); scolA (0) and coxI7A (V).

Glutathione not needed to protect against short-term
Sn** -exposure

Interestingly, mutants with low and extremely low
glutathione (GSH) pools showed no enhanced
sensitivity to Sn?" (Table 3). Mutant strain q2
(gshiA) that lacks the first step of the two-step
GSH biosynthesis and relies totally on externally
offered (low) GSH showed the same Sn>'-resis-
tance as the q1 WT. The same was true for mutant
g3 which is isogenic with mutant strain q2 but, due
to a mutational change in the second enzyme of
the proline biosynthetic pathway produces a little
amount of the dipeptide p-glutamylcysteine (the
product lacking in the gsh/ mutant (Spector et al.
2001)), and hence GSH, and is thus independent of
external GSH supplementation. Finally mutant q4
that is WT for GSH biosynthesis and contains
only the altered enzyme of the proline pathway,
was also WT-like in its Sn>" -resistance phenotype.
Thus, GSH is not needed for the protection of
yeast against acute, short-term (i.e. 1h) Sn*'-
exposure (Table 3), most probably because cata-
lase provides an overlapping defence system
against metal-induced ROS (Grant et al. 1998).
The combined action of all above-mentioned
protective mechanisms, whose functions were
shown in STAT cells, i.e. DNA repair, membrane
transport, and defences against ROS, can hardly
explain the difference of three orders of magnitude
in SnCl,-sensitivity between isogenic LOG and

STAT cells. Actually, some protective mecha-
nisms, e.g., Sod1 and Sod?2 as well as functionality
of cytochrome ¢ oxidase may be totally discounted
in this comparison, as the sod/ and sod2 mutant
alleles (Figure 3) as well as CcO mutants (Fig-
ure 4) conferred enhanced SnCl,-sensitivity in
STAT and LOG cells alike, regardless of their
1000-fold difference in sensitivity. Thus, this ex-
treme sensitivity of LOG cells (alternatively, the
extreme resistance of STAT cells (De Winde et al.
1997)) either suggests that cells growing under
glucose repression lack at least one, most probably
several, unknown mechanism(s) protecting against
ROS or other stress (Fuge & Werner-Washburne
1997) or that the protection factors already known
to us (c.f. above) have an extremely synergistic
interaction (i.e. overlapping functionality) in
STAT cells; this would not show us the real pro-
tective potential of a single metabolic contribution
(as is suggested for the contribution of different
repair mechanisms to removal of Sn*’-induced
DNA lesions (cf. above and Swanson et al. 1999)),
but a joint suppression of several of these protec-
tive mechanisms (e.g. under glucose repression)
would render a LOG cell extremely sensitive.
Alternatively or additionally, we might speculate
that the high sensitivity of LOG cells could also be,
at least partially, due to a more efficient uptake of
Sn** jons as rapidly growing cells might have a
more active membrane transport. One step to-
wards clarifying this last question might be the
quantitative determination of Sn®'-uptake by
molecular dosimetry methods, e.g. via PIXE
(particle induced X-ray emission) in isogenic LOG
and STAT cells (Viau et al. in press). This would
also allow us to better assess the genotoxic po-
tential of intracellular Sn*" at different physio-
logical states of the yeast cell. Clearly, there is need
for clarifying the types of ROS being directly or
indirectly formed by Sn*", and more information
on this may be gained by studying the response of
all yeast strains known to have a defect in anti-
ROS defence (single or multiple allele mutants)
and by complementing this info by in vitro bio-
chemical studies.

Despite of the LOG/STAT cells Sn*" -sensitivity/
resistance riddle we may summarize our results to
partially answer two questions: (1) What type of
DNA damage is induced by Sn*"? We know that
strand breaks are formed in vitro (Dantas et al.
1999), and this would best explain the contribution



of recombinational repair; oxidized base damage
would explain the necessity of BER repair; some
bulky adducts could explain involvement of NER
in repair; finally, and most important, translesion
synthesis would allow resumption of DNA syn-
thesis at stalled replication forks, at the cost of
error-prone repair (mutation). (2) Which species of
ROS are generated by intracellular Sn*"? Clearly
superoxide anion, as Sodlp, and to a lesser extent,
Sod2p are protecting the cells; hydrogen peroxide
is most probably generated only in little quantity
(or not at all) as cytosolic catalase and GSH are
not necessary for protection. Direct base oxidation
may occur as indicated by the role of BER in re-
pair, but 8-hydroxyguanine, the specific substrate
of Ogglp, is apparently not formed.
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Anexo

Testes preliminares de sensibilidade do cacaueiro (Theobroma

cacao) ao agente quimico cloreto de estanho (SnCl,)

12 Tentativa:
1. As plantas de T. cacao foram regadas por 45 dias com o SnCl, nas
concentracoes de 5, 25 e 50 pM,;

2. Foram testadas 6 plantas como controle e 6 plantas para cada dose
utilizada;

3. Nenhuma das plantas tratadas apresentou sensibilidade ao SnCl,.

22 Tentativa:
1. As plantas de T. cacao foram regadas por 45 dias com o SnCl, nas
concentracdes de 150, 300 e 600 uM;
2. Foram testadas 6 plantas como controle (Figura 1A) e 6 plantas para cada
dose utilizada;
3. Nas duas primeiras doses, nada aconteceu as plantas (Figuras 1B E 1C);

4. Na ultima dose, as plantas apresentaram sensibilidade ao SnCl, (Figura
1D).
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Anexo

Figura 1. Plantas de Theobroma cacao tratadas com SnCl,. (A) controle positivo; (B) tratada com
150 uM; (C) tratada com 300 uM; (D) tratada com 600 uM de SnCl,.

92



	1.CAPA_até_ÍNDICE
	ESTUDOS COMPARATIVOS DE SENSIBILIDADE E MUTABILIDADE NOS FUNGOS Saccharomyces cerevisiae E Moniliophthora perniciosa
	TATIANA SETENTA BASSO
	ESTUDOS COMPARATIVOS DE SENSIBILIDADE E MUTABILIDADE NOS FUNGOS Saccharomyces cerevisiae E Moniliophthora perniciosa
	ESTUDOS COMPARATIVOS DE SENSIBILIDADE E MUTABILIDADE NOS FUNGOS Saccharomyces cerevisiae E Monilophthora perniciosa

	2.RESUMO
	3.ABSTRACT
	4.1LISTA DE ABREVEATURAS
	4.LISTA DE FIGURAS
	05.iirodape
	5.INTRO_REV_LITERATURA
	06.nrodape
	6.OBJETIVOS
	07.brodape
	08.brodape
	8.CAPITULO II
	09.brodape
	9.CAPITULO III
	10.crodape
	10.DISCUSSÃO
	11.brodape
	11.CONCLUSÕES
	12.orodape
	12.PERSPECTIVAS
	13.prodape
	13.REFERÊNCIAS BIBLIOGRÁFICAS
	14.aarodape
	15.ANEXO2
	14.ANEXO1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


