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RESUMO

Moniliophthora perniciosa e Moniliophthora roreri s3o basidiomicetos fitopatogénicos,
causadores de duas das mais devastadoras doencas fungicas do cacaueiro: a Vassoura de bruxa e
a Frosty Pod Rot (Moniliase), respectivamente. Apesar do grande impacto socioecondmico
dessas doencgas, aspectos importantes relacionados ao metabolismo destes patégenos ainda ndo
sdo suficientemente compreendidos. O estudo do metabolismo mitocondrial ¢ particularmente
relevante, pois compreende processos celulares vitais para a sobrevivéncia do organismo, como a
regulacdo da produ¢do de energia (ATP) e a manutengcdo do balango redox da célula. Este
trabalho teve como objetivo entender a importancia da enzima mitocondrial oxidase alternativa
(AOX) no metabolismo e desenvolvimento dos fungos M. perniciosa e M. roreri. A AOX é uma
oxidase terminal capaz de realizar o transporte de elétrons mitocondrial, catalisando a reducdo do
oxigénio a dgua, de maneira desacoplada da sintese de ATP. Em M. perniciosa, a expressao do
gene aox (Mp-aox) mostrou-se bastante relacionada ao ciclo de vida hemibiotréfico deste fungo.
Niveis de expressdo relativamente elevados deste gene foram observados no micélio biotréfico
cultivado in vitro. De acordo, grande sensibilidade a inibicdo da via alternativa também foi
verificada nesta fase micelial, sugerindo que a AOX tem participacdo no desenvolvimento deste
primeiro estagio de M. perniciosa. Curiosamente, a inibicdo in vitro da cadeia respiratoria
principal retardou a transi¢do da fase biotrofica para a necrotrofica. Além disso, o uso combinado
de inibidores da via principal e da AOX resultou em total inibi¢do do desenvolvimento do fungo
in vitro como também preveniu o estabelecimento da doenca em plantulas de cacau. Com base
nesses dados, o presente trabalho sugere um modelo no qual a participagdo diferencial das vias de
transporte de elétrons (principal e alternativa) regula o desenvolvimento do micélio biotréfico e a

transicdo de fase de M. perniciosa. Este é o primeiro trabalho em que se apresentam fortes
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evidéncias para uma fun¢do da AOX no desenvolvimento in planta e ciclo de vida de um fungo
fitopatogénico. Como em M. perniciosa, o gene aox de M. roreri (Mr-aox) foi induzido em
resposta ao fungicida azoxistrobina (inibidor do complexo III), sugerindo que a AOX tem
participacdo na prote¢do do patogeno contra o estresse oxidativo gerado pela inibi¢do da via
principal. Apesar da indugdo do gene Mr-aox, M. roreri mostrou-se consideravelmente sensivel
ao fungicida. Deste modo, ¢ possivel que a ativagdo da AOX em M. roreri ndo seja suficiente
para contornar os efeitos toxicos da azoxistrobina e, consequentemente, que este fungo seja mais
suscetivel ao estresse oxidativo gerado pelo inibidor. Finalmente, a adi¢do conjunta da
azoxistrobina com um inibidor da AOX inibiu completamente o desenvolvimento in vitro de M.
roreri. Com base nos resultados apresentados, sugere-se que a AOX tenha uma fungdo relevante
no metabolismo destes patdgenos e que a inibi¢do conjunta das vias principal e alternativa seja

uma estratégia em potencial para o controle das doengas Vassoura de bruxa e Frosty Pod Rot.
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ABSTRACT

Moniliophthora perniciosa and Moniliophthora roreri are phytopathogenic basidiomycetes,
which cause two of the most devastating fungal diseases of cacao: the Witches’ Broom and
Frosty Pod Rot diseases, respectively. Despite the great socioeconomic impact of the diseases,
important aspects of the metabolism of these pathogens are not sufficiently understood. The
mitochondrial metabolism is particularly important since it is associated with many cellular
processes of crucial importance for the organism survival, such as the regulation of energy
production (ATP) and the maintenance of the cellular redox balance. This study aimed to
understand the importance of the mitochondrial enzyme alternative oxidase (AOX) in the
metabolism and development of the cacao pathogens M. perniciosa and M. roreri. AOX is a non-
phosporylating ubiquinol oxidase which catalyzes the reduction of molecular oxygen to water. In
M. perniciosa, the expression of aox gene (Mp-aox) was closely related to the hemibiotrophic
lifestyle of this fungus. High levels of Mp-aox transcripts were observed in the biotrophic
mycelium and, accordingly, it showed an elevated sensitivity to AOX inhibitors, suggesting that
AOX has a role in the development of the biotrophic phase. Interestingly, the in vitro inhibition
of the cytochrome-dependent pathway prevented the transition from biotrophy to necrotrophy.
Furthermore, the combined use of an inhibitor of the cytochrome pathway with an AOX inhibitor
completely impaired the in vitro fungal growth as well as prevented the establishment of the
disease in cacao seedlings. Based on these data, this study suggests a model in which the
involvement of the different pathways of electron transfer (cytochrome and alternative routes)
regulates the development of the biotrophic mycelium and the phase transition of M. perniciosa
in planta. This is the first report presenting strong evidences for a role of AOX during the in

planta development and life cycle of a phytopathogenic fungus. Like M. perniciosa, the aox gene
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of M. roreri (Mr-aox) is up-regulated after exposure of the fungal mycelium to the fungicide
azoxystrobin (a potent inhibitor of complex III), suggesting that AOX plays a protective role
against the deleterious oxidative stress produced by the compound. However, even with the
increased expression of Mr-aox, M. roreri growth was highly sensitive to the fungicide.
Therefore, it is possible that AOX activation was not enough to overcome the toxic effects of the
cytochrome pathway inhibition and, consequently, M. roreri presented a high susceptibility to
oxidative stress. Finally, the combined application of azoxystrobin and an AOX inhibitor
completely impaired the in vitro development of M. roreri. Thus, based on these results, we
suggest that AOX has a role in the metabolism of these cacao pathogens and the concomitant
inhibition of both cytochrome and alternative pathways may be an efficient strategy for the

control of Witches” Broom and Frosty Pod Rot diseases.



INTRODUCAO GERAL

Importincia economica do cacaueiro

O cacaueiro (Theobroma cacao L.) é uma planta tropical pertencente a familia Malvaceae
e nativa das regides tropicais das Américas, sendo, portanto uma planta caracteristica de climas
quentes ¢ umidos (Motamayor et al. 2002). No Brasil, esta cultura ¢ originaria da regido
amazonica e foi posteriormente levada a regido Sul da Bahia, onde encontrou um dos melhores
solos e clima para a sua expansdo. O fruto do cacaueiro apresenta grande valor econdmico, pois
suas améndoas sdo a matéria prima para a fabricagdo de diversos produtos utilizados pelas
industrias farmacéuticas e de cosméticos, como também para a producdo do chocolate, uma
especiaria apreciada mundialmente (Purdy & Schmidt 1996).

Apesar dos principais paises produtores de cacau localizarem-se na regido tropical do
globo, o cacau ¢ um produto de importancia para as industrias chocolateiras de todo o mundo. O
consumo mundial de améndoas de cacau ¢ de mais de trés milhdes de toneladas anuais e estima-
se que as industrias de chocolate movimentem cerca de 60 bilhdes de dolares anualmente. O
oeste da Africa supre a maior parte desta demanda mundial, destacando-se como principais paises
produtores de cacau a Costa do Marfim, Gana, Nigéria e Camardes (ICCO 2009). Atualmente, o
Brasil responde por menos de 5% da producdo mundial, de modo que ndo € auto-suficiente e
precisa importar esta matéria prima para suprir a demanda da industria chocolateira nacional. No
entanto, até¢ 1990, o Brasil ocupava uma posi¢do de destaque entre os principais produtores
mundiais, com uma produ¢do anual de aproximadamente 400 mil toneladas (ICCO 2009;
Meinhardt et al. 2008). O principal motivo desta drastica redu¢do da produgdo nacional foi o
aparecimento da doenca Vassoura de bruxa do cacaueiro na principal regido produtora de cacau

do Brasil (sul da Bahia). Esta doenca, causada pelo fungo Moniliophthora perniciosa, foi



identificada nesta regido inicialmente em 1989 e, desde entdo, tem causado severos danos
econdmicos para a cacauicultura brasileira (Pereira et al. 1989).

Atualmente, a doenga Frosty Pod Rot, causada pelo fungo Moniliophthora roreri, também
tem sido considerada uma grande ameaga para a cacauicultura brasileira, que lentamente se
recupera dos danos causados pela Vassoura de bruxa. Até o momento, esta doenga ndo foi
registrada no Brasil, no entanto os pontos vulneraveis para sua entrada sdo evidentes, dentre eles:
Amazonas, Acre e Roraima, devido a proximidade e contato dessas regides com alguns paises da
América do Sul em que a doenga ja é uma realidade (Peru, Equador, Coldmbia, Venezuela)
(Evans 2007). A agressividade da doenga e sua facil disseminag¢do tém preocupado o Ministério

da Agricultura e os produtores brasileiros, uma vez que o seu aparecimento no Brasil é iminente.

O fungo Moniliophthora perniciosa e a doenga Vassoura de bruxa

O fungo basidiomiceto Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora é o
agente etiologico da doenca Vassoura de bruxa do cacaueiro (Aime & Phillips-Mora 2005). O
ciclo de vida deste patogeno ¢ denominado hemibiotréfico, sendo composto de duas fases
distintas: a fase biotrofica (infectiva/parasitica) e a fase necrotrofica (saprofitica) (Meinhardt et
al. 2008).

Os esporos hapldides de M. perniciosa infectam os tecidos meristematicos do cacaueiro,
tals como gemas vegetativas e almofadas florais, germinando sobre a superficie de tecidos
meristematicos umidos ou lesados. A infecg¢do tipica (vassoura vegetativa) se inicia quando o
tubo germinativo dos basididsporos (propagulos infectivos do patdgeno) penetra no tecido
meristematico de gemas apicais em atividade da planta (Griffith et al. 2003; Meinhardt et al.

2008). Nesta primeira fase, denominada biotrofica (hapléide — n), o fungo coloniza os tecidos



vivos do hospedeiro, formando hifas intumescidas e sem grampos de conexdo (Evans 1980;
Meinhardt et al. 2006; Silva 1999). Além disso, o micélio € monocaridtico e cresce lentamente no
espago intercelular do tecido vegetal, o qual se acredita ser um ambiente consideravelmente
pobre em nutrientes (Divon & Fluhr 2007). A resposta do hospedeiro a infec¢do ¢ localizada e
resulta em hipertrofia e hiperplasia das células, perda da dominancia apical e proliferacdo de
ramos laterais, tendo como consequéncia a formac¢do de galhos anormais conhecidos como
vassoura verde (Evans 1980; Meinhardt et al. 2008). Grandes quantidades de glicerol foram
encontradas neste estagio da doencga (vassoura verde) e especula-se que o acimulo desta fonte de
carbono possa ter relacdo com a progressdo da doenca e desenvolvimento do fungo na fase
biotrofica, uma vez que este nutriente esta praticamente ausente na vassoura seca (Scarpari et al.
2005).

O estagio de vassoura verde tem uma dura¢do de dois a trés meses, quando a vassoura
inicia um processo de necrose, alteragdo esta associada a mudang¢a do fungo para a fase
necrotréfica (Meinhardt et al. 2008; Wheeler 1985). Neste segundo estagio, ocorre a
dicariotizacdo do micélio (n + n), as hifas tornam-se mais finas, com grampos de conexdo e sdo
encontradas inter e intracelularmente (Meinhardt et al. 2006; Meinhardt et al. 2008; Mondego et
al. 2008; Silva 1999). Apods a morte das vassouras, o micélio necrotrofico frutifica formando os
basidiomata (Wheeler 1985). Nestas estruturas encontram-se células especializadas que formam o
basidio (2n), onde ocorre a cariogamia e a meiose, com consequente formagdo dos basididsporos
(n). Somente na fase necrotrofica e em condi¢des umidas, os esporos podem ser produzidos
(Meinhardt et al. 2008; Purdy et al. 1996). Como periodos intermitentes de umidade e seca sdo
necessarios para a proliferacdo do fungo, a regido sul do estado da Bahia oferece condicdes

climaticas que favorecem a producdo de basididsporos praticamente o ano todo (Figura 1).



Fase Biotréfica Fase Nectrotrdfica

Figura 1. Esquema representativo do ciclo de vida de M. perniciosa em T. cacao. Na primeira
fase da doenca (estagio de vassoura verde) (A) o micélio biotrofico (n) (1) infecta os tecidos
vivos do hospedeiro. Apos dois a trés meses, ocorre a necrose do tecido vegetal, iniciando assim
o estagio de vassoura seca (B). Paralelamente a morte do tecido vegetal, o fungo adquire seu
estagio necrotrofico caracterizado pela formagdo de hifas dicaridticas (n + n) com grampos de
conexao (2). Este micélio coloniza o tecido necrosado do hospedeiro (B), onde, posteriormente,
ocorre a formacdo dos cogumelos (n + n) contendo os basidios (2r) (C), que sdo as estruturas
responsaveis pela formagdo dos esporos (n) do fungo (D). Os esporos sdo entdo transportados
pela agua ou pelo vento até os tecidos meristematicos do cacaueiro e ali germinam,
desenvolvendo-se como um micélio biotrofico (n) e reiniciando o ciclo da doenga.

Tentativas de controle da doenca e o Projeto Genoma Vassoura de bruxa

Os paises produtores de cacau da América do Sul e das ilhas do Caribe sdo as principais
regides afetadas pela Vassoura de bruxa (Evans 1980; Purdy et al. 1996). Além do impacto
econdmico causado pela doenca no Brasil, destacam-se ainda os danos sociais decorrentes desta

crise, visto que a cacauicultura ¢ uma importante fonte geradora de empregos diretos e indiretos

na regido sul da Bahia.



Apesar desta grande importancia socioecondmica, ainda ndo existe uma estratégia efetiva
e economicamente viavel para o controle da doenga (Meinhardt et al. 2008). Dentre as tentativas
ja utilizadas para combate ao fungo, destacam-se a poda fitossanitaria, o controle biolégico, o
desenvolvimento de variedades de cacau resistentes e o uso de fungicidas. A poda fitossanitaria
consiste na remog¢do das partes infectadas da planta para assim interromper o ciclo da doenca e
diminuir o inoculo (Lima et al. 1991). O controle bioldgico ¢ realizado com o uso do fungicida
biologico TRICOVAN contendo fungos do género Trichoderma. Estes sdo capazes de inibir a
esporulagdo de M. perniciosa, reduzindo as taxas de infec¢do (Bastos & J.Dias 1992). Apesar de
interessantes, estas estratégias ndo sdo suficientes para o controle do patégeno. Da mesma forma,
variedades resistentes a Vassoura de bruxa ainda ndo foram desenvolvidas. Atualmente, existem
apenas variedades tolerantes, sendo necessario o uso conjunto de outras estratégias de controle
nas areas em que estas sdo cultivadas (Pires J & E Luz 1995). Finalmente, dentre os fungicidas
recomendados para controle da Vassoura de bruxa destacam-se o Folicur (Bayer) e Cobre Sandoz
BR. O Folicur pertence ao grupo quimico dos triazois e atua na sintese do ergosterol, alterando a
permeabilidade da membrana celular do fungo. O Cobre Sandoz BR é um fungicida a base de
cobre, cuja agdo toxica sobre M. perniciosa ainda ndo é suficientemente conhecida. Ambos sdo
complementares as outras técnicas mencionadas, pois o uso destas drogas isoladamente ndo
mostra bom controle da doenca (Bastos 1989).

Outras drogas com acdo anti-fungica também vem sendo testadas na tentativa de controle
da Vassoura de bruxa como, por exemplo, os fungicidas a base de estrobilurinas sintéticas ou
azoxistrobinas (fungicidas da classe Qol). As estrobilurinas constituem uma das principais
classes de fungicidas utilizada para controle de pragas na agricultura. Estes quimicos atuam

inibindo a cadeia respiratdria mitocondrial através da ligagdo especifica ao centro Qo do



citocromo bel (complexo III), e sua toxicidade esta relacionada a reducdo da produgdo de energia
e ao estresse oxidativo gerado nestas situagdes (Balba 2007; Bartlett et al. 2002). Apesar de
efetivas no controle de varios fitopatégenos, estes quimicos ndo sdo suficientes para combater a
Vassoura de bruxa, uma vez que M. perniciosa provavelmente possui mecanismos para resistir a
toxicidade dessas moléculas (Pereira, G. A. G, comunicagdo oral).

Visando aprimorar os conhecimentos sobre o fungo M. perniciosa, no ano de 2000 foi
iniciado o Projeto Genoma Vassoura de bruxa (www.lge.ibi.unicamp.br/vassoura). Este projeto
tem permitido a elucidagdo de importantes aspectos do patdgeno relacionados ao ataque a planta.
A compreensdo desses mecanismos podera definir os caminhos para combaté-lo, seja por meio da
sintese de drogas inibitdrias para proteinas candidatas ou mediante a manipulagdo genética do
patogeno. Sob a coordenacdo do Prof. Dr. Gongalo Amarante Guimardes Pereira, o projeto foi
inicialmente financiado pela Secretaria de Agricultura do Estado da Bahia e pelo CNPq
(Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico) e envolveu as seguintes
instituicdes: o LGE (Laboratorio de Gendomica e Expressdo) da UNICAMP (Universidade
Estadual de Campinas), a UESC (Universidade Estadual Santa Cruz), a UFBA (Universidade
Federal da Bahia), a CEPLAC (Comissao Executiva do Plano da Lavoura Cacaueira), o
CENARGEN-EMBRAPA e a UEFS (Universidade Estadual de Feira de Santana).

As primeiras andlises do genoma de M. perniciosa foram publicadas recentemente com
énfase nos genes potencialmente envolvidos com o desenvolvimento da doenga, como as
citocromo P450 monooxigenases, elementos transponiveis, provaveis elicitores de defesa,
efetores de patogenicidade, enzimas de degradacdo de parede celular vegetal, proteinas
relacionadas a metilotrofia e biossintese de hormonios vegetais pelo fungo. A identificagdo de

tais genes permitiu a formulagdo de hipoteses acerca de processos e mecanismos relacionados a



patogenicidade deste fungo como também ao desenvolvimento da doenga. (Mondego et al. 2008).
Além disso, dados de bibliotecas de ESTs e microarranjos mostraram diferengas interessantes na
expressdo de genes entre os estagios biotrofico e necrotréfico de M. perniciosa cultivado in vitro.
Em sua fase biotréfica, o fungo aparentemente encontra-se em intensa atividade metabolica,
porém este metabolismo ndo é direcionado para o crescimento celular, mas sim para a sintese de
metabolitos secundarios e proteinas envolvidas na sobrevivéncia e intera¢do com o cacaueiro
(Rincones et al. 2008).

Atualmente, a FAPESP (Funda¢do de Amparo a Pesquisa do Estado de Sdo Paulo)
aprovou o projeto tematico referente ao estudo integrado e comparativo de trés doengas fungicas
do cacau incluindo a Vassoura de bruxa (Moniliophthora perniciosa), a doenca Frosty Pod Rot
(Moniliophthora roreri) e o Mal do facdo (Ceratocystis cacaofunesta). Dentre os aspectos que
serdo estudados incluem-se a finalizagdo do sequenciamento e comparagdo dos genomas destes
patégenos como também estudos de transcriptdmica e metabolomica. Através de uma
colaboragdo recentemente estabelecida com o Centro de Ciéncias Gendmicas da Universidade da
Carolina do Norte (CCGS), um grande conjunto de dados esta sendo gerado, utilizando-se as
novas tecnologias de sequenciamento da Illumina/Solexa™ e por meio do método de
pirosequenciamento (sequenciador 454 da Roche). A andlise destes dados permitird o
entendimento de importantes aspectos do metabolismo e dos mecanismos de patogenicidade
destes trés patdgenos, servindo de base para direcionar estudos de processos especificos, bem
como auxiliando no desenvolvimento de possiveis estratégias para controle destas importantes

doengas fungicas do cacaueiro.



O fungo Moniliophthora roreri e a doenca Frosty Pod Rot do cacaueiro

Assim como M. perniciosa, M. roreri também causa uma doenca bastante devastadora no
cacaueiro: a doenga Frosty Pod Rot (FPR) ou Moniliase (Evans 2007, Meinhardt et al. 2008).
Esta doenca ¢ endémica da América do Sul e de alguns paises da América Central. Inicialmente,
foi registrada no Equador, de onde se disseminou para Coldmbia, Venezuela, Panama, Costa
Rica, Nicaragua, Peru, Honduras e Belize. Nestes paises, as perdas na produ¢do causadas pela
doenga variam de 25 a 100% (Evans 2007).

Inicialmente, M. roreri foi classificado como um ascomiceto anamoOrfico, sendo
denominado Monilia roreri, principalmente devido a presenga de conidios (inicos propagulos
infectivos conhecidos) nesta espécie (Evans 2007). No entanto, Evans em 1978 fez uma critica
reavaliagdo da classificagdo deste fungo e a presenca de doliporo (estrutura caracteristica de
basidiomicetos) confirmou a sua classificacdo no grupo Basidiomycota (Evans et al. 1978). Estas
peculiaridades, em especial a presenca de conidios, tornam o ciclo de vida deste patdgeno
bastante unico entre os Agaricales.

Apesar do grande impacto socio-econdmico causado por M. roreri, aspectos importantes
do seu ciclo de vida sdo ainda pouco conhecidos. Sabe-se que M. roreri infecta exclusivamente
os frutos do cacaueiro, os quais se apresentam altamente susceptiveis nos primeiros 90 dias de
crescimento. Além disso, M. roreri possui um ciclo de vida hemibiotréfico, uma vez que
apresenta uma fase biotrofica caracterizada pela colonizag¢do dos tecidos vivos do hospedeiro e
uma fase necrotrofica na qual o fungo se desenvolve concomitantemente com a morte do fruto
(Evans et al. 2002) (Figura 2). No entanto, os aspectos morfologicos e moleculares caracteristicos
das duas fases miceliais de M. roreri (biotrofica e necrotrofica) como também os fatores que

desencadeiam o processo de transi¢do de fase neste fungo ndo sdo conhecidos.



Figura 2: Ciclo da doenga Frosty Pod Rot ou Moniliase causada pelo fungo M. roreri. Os
esporos de M. roreri infectam os frutos em desenvolvimento do cacaueiro. A doenga apresenta
uma fase inicial caracterizada pela presenca de inchacos e pigmentagdes no fruto infectado (A).
Apds algum tempo, inicia-se um processo de necrose e o desenvolvimento de manchas necroticas
na superficie do fruto (B), as quais sdo posteriormente substituidas por uma camada branca de
esporos (C). Ao final da infec¢do, o fruto encontra-se completamente necrosado e coberto por
esporos (D).

Os sintomas iniciais da doenga incluem modifica¢des relacionadas ao inchago e alteragdo
da pigmentagdo dos frutos, a qual ¢ seguida pela formagdo de uma densa camada superficial de
esporos. A area do fruto com esporulagdo rapidamente se dissemina e a densidade de esporos ¢
estimada como sendo de aproximadamente 44 milhdes de conidios por centimetro quadrado
(Evans 1981). Estes esporos exercem multiplas fungdes funcionando ndo apenas para troca de
material genético, mas também para dispersdo, infec¢do e sobrevivéncia. Sua disseminagdo
natural ocorre pelo vento ou por meio de chuva e eles permanecem viaveis por um longo periodo
de tempo (Evans 2007).

Apenas recentemente a comunidade cientifica tem voltado esfor¢os para compreender a
biologia e interacdo deste patogeno com o cacaueiro. Em 2008, iniciou-se o sequenciamento do
genoma de M. roreri e andlises gendmicas iniciais ja revelaram peculiaridades desta espécie.
Além disso, um estudo do genoma mitocondrial de M. roreri assim como a analise de genes

especificos possivelmente relacionados a mecanismos de patogenicidade do fungo ja estdo em

andamento e poderdo revelar aspectos interessantes da biologia deste importante patogeno.
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Vias mitocondriais de transporte de elétrons: diversidade de componentes e funcdes

A mitocondria ¢ uma organela central no metabolismo da maioria dos eucariotos, uma vez
que participa de inimeros processos celulares importantes, tais como a sintese de ATP, a geracdo
de estresse oxidativo, o controle do balan¢o redox da célula, da homeostase de calcio e do
processo de morte celular, dentre outros (Nelson & Cox 2008). Dentre estes processos, a
producdo de energia através da realizagdo da respiragdo celular, ¢ uma das principais func¢des
desta organela. Em condi¢des aerdbicas, este processo ocorre de maneira bastante regulada,
resultando na produg¢do de didxido de carbono e dgua. Durante a respiragdo, a transferéncia de um
par de elétrons da molécula de carbono inicial até o oxigénio € indireta e complexa, envolvendo a
reducdo das coenzimas NAD+ e FAD em reagoes da glicolise e do ciclo de Krebs. Os elétrons
associados as coenzimas reduzidas (NADH e FADH;) sdo subsequentemente transferidos para a
cadeia de transporte de elétrons, onde uma série de reagdes de oxidacdo e reducdo ocorre de
maneira sequencial. A energia gerada pelo fluxo de elétrons nesta cadeia ¢ utilizada para a
translocacdo de ions hidrogénio da matriz mitocondrial para o espago intermembranas.
Finalmente, a energia armazenada nesse gradiente de prdotons (for¢a préton motiva) € utilizada

para a sintese de ATP (Nelson et al. 2008) (Figura 3).
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Figura 3. Esquema simplificado mostrando as trés etapas da respiragé@o celular: glicolise, ciclo de
Krebs e cadeia de transporte de elétrons. A primeira etapa envolve a oxidacdo da glicose
(glucose) a duas moléculas de piruvato (pyruvate) com concomitante reducdo de coenzimas
(NAD+ - NADH) e sintese de ATP. Esta primeira etapa ocorre no citoplasma da célula.
Posteriormente, o piruvato ¢ direcionado a matriz mitocondrial e oxidado a duas moléculas de
acetil CoA (acetyl CoA). Estas moléculas participam do ciclo de Krebs (Krebs cycle) onde, apds
uma série de reagdes quimicas, contribuem para a geragdo das coenzimas reduzidas (NADH e
FADH;) e ATP. Finalmente, estas coenzimas sdo oxidadas na cadeia de transporte de elétrons e o
gradiente de protons formado € utilizado para a sintese de grandes quantidades de ATP pelo
complexo enzimatico da ATP sintase.

Em mamiferos, a transferéncia de elétrons das coenzimas reduzidas para a molécula de
oxigénio ocorre através de complexos respiratdrios multi-protéicos em uma via linear de

transporte de elétrons denominada cadeia respiratoria principal. No entanto, em plantas e muitos
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fungos este sistema € mais complexo e variavel, envolvendo centros redox alternativos, como as
enzimas NADH desidrogenases alternativas (externas e/ou internas) e oxidase alternativa (AOX)

(Joseph-Horne, Hollomon, & Wood 2001) (Figura 4).

INTERMEMBRANE SPACE

NADH  NAD* FADH, FAD*

Figura 4. Esquema representativo da cadeia de transporte de elétrons, incluindo as vias principal
e alternativa. No processo de transporte de elétrons pela cadeia respiratoria principal (complexos
I, I, IIT e IV), ocorre a transferéncia dos elétrons provenientes dos co-fatores reduzidos NADH e
FADH,; para os complexos respiratorios I e II, respectivamente. Ambos os complexos catalisam a
reducdo da ubiquinona, que funciona como um mediador entre estes complexos iniciais € 0
complexo III. Os elétrons da ubiquinona sdo entdo transferidos para o complexo III e deste para o
citocromo c¢. Finalmente, o complexo IV recebe os elétrons do citocromo ¢ e catalisa a reducéo
do oxigénio a agua. Adicionalmente a esta via, existem também enzimas alternativas como a
oxidase alternativa (AOX), as NADH desidrogenase alternativas externa (Extl e Ext2) e a
NADH desidrogenase alternativa interna (Intl). Essas enzimas desacoplam o transporte de
elétrons da produgdo de ATP, pois ndo contribuem para a formagdo do gradiente de prétons e,
consequentemente, para a geragdo de energia celular.
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As NADH desidrogenases alternativas catalisam a oxidacdo do NADH matricial ou
citoplasmatico, reagdo que também ¢ catalisada pelo complexo I. No entanto, as mesmas ndo
bombeiam protons para o espacgo intermembranas e, portanto, ndo contribuem para a formacdo do
gradiente eletroquimico necessario para a sintese de ATP (Melo et al. 2001; Velazquez & Pardo
2001). A oxidase alternativa realiza a transferéncia de elétrons diretamente da ubiquinona
reduzida para o oxigénio, assim como o complexo IV da via principal, no entanto, sem o
concomitante bombeamento de protons para o espaco intermembranas e consequente sintese de
ATP (Vanlerberghe & McIntosh 1997). Além disso, por diminuir os niveis de ubiquinona
reduzida, a atividade da AOX ¢ também capaz de impedir o acimulo de espécies reativas de
oxigénio (EROs) resultante da inibi¢do da cadeia respiratoria principal (Maxwell, Wang, &

Mclntosh 1999).

A AOX esta presente em diversos organismos como plantas superiores, muitos fungos,
protistas, algumas bactérias e alguns poucos animais. Devido ao fato desta enzima desacoplar o
transporte de elétrons da sintese de ATP, a elucidacdo da funcdo deste bypass da cadeia de
transporte de elétrons ¢ ainda objeto de inumeras pesquisas (Ho et al. 2007; Magnani et al. 2007,
Magnani et al. 2008). Uma consequéncia importante deste desacoplamento ¢ o fato da energia
produzida pela oxidagdo das moléculas ser liberada na forma de calor. Esta producdo de calor
tem importante participa¢do no ciclo reprodutivo de plantas da familia Araceae, que utilizam o
aumento de temperatura pela atividade da AOX para volatilizacdo de aminas e atragdo de insetos
polinizadores (Wagner et al. 2008).

Em plantas ndo termogénicas e nos demais organismos, a fungdo da AOX ainda néo foi

completamente elucidada. A regulagdo da expressdo génica e atividade da enzima respondem a
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fatores que variam desde o estresse oxidativo até o estagio de desenvolvimento do organismo
(Joseph-Horne et al. 2001; Martins et al. 2010). Evidéncias sugerem que a AOX esta relacionada
a adaptacdo dos organismos as flutuagdes ambientais: estresse oxidativo, frio, condi¢des
anaerobicas, mudangas das fontes de alimento e temperatura estdo entre os fatores que
influenciam a expressdo ou atividade da enzima (Akhter et al. 2003; Clifton et al. 2005; Donofrio
et al. 2006; Huang, von, & Durner 2002; Juszczuk & Rychter 2001; Juszczuk, Wagner, &
Rychter 2001). Esta regulagéo ¢ essencial para atender as necessidades metabolicas do organismo
e pode ser mais eficientemente manejada pela modulacdo expressional do gene da oxidase
alternativa, uma vez que esta enzima ¢ estruturalmente mais simples que os complexos
respiratdrios III e IV da via principal (Joseph-Horne et al. 2001).

Nos ultimos anos, com o advento dos fungicidas a base de estrobilurinas, demonstrou-se
grande interesse no estudo da AOX de fungos fitopatogé€nicos, uma vez que foi verificada uma
importante participacdo da enzima como mecanismo de resisténcia a essas drogas (Wood &
Hollomon 2003). Estes quimicos possuem alta especificidade como também atividade fungicida e
sdo utilizados no controle de muitas doengas fungicas. A toxicidade dessas moléculas ¢ exercida
pela reducdo da sintese de ATP como também pela geracdo de espécies reativas de oxigénio
associada a inibicdo da cadeia de transporte de elétrons principal (Balba 2007; Bartlett et al.
2002). A AOX ¢é capaz de prevenir os efeitos toxicos dessas moléculas, impedindo a geragdo de
estresse oxidativo, extremamente danoso a célula (Wood et al. 2003). Apesar da fungdo da AOX
na resisténcia a esta classe de fungicidas ser bastante estudada em patogenos de plantas (Gong et
al. 2009; Ishii et al. 2009; Yukioka et al. 1998), o papel deste bypass no desenvolvimento in

planta e ciclo de vida de fungos fitopatogénicos ainda ndo foi compreendido.
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OBJETIVO GERAL

Este trabalho teve como objetivo compreender a importancia da enzima mitocondrial
oxidase alternativa dos fungos Moniliophthora perniciosa e Moniliophthora roreri no
metabolismo e desenvolvimento destes patogenos como também durante o desenvolvimento das

doengas Vassoura de bruxa do cacaueiro e Frosty Pod Rot.
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CAPITULO 1

A enzima mitocondrial oxidase alternativa tem participa¢ao central no desenvolvimento da
fase biotrofica de Moniliophthora perniciosa, agente etiolégico da doenca Vassoura de bruxa

do cacaueiro

Daniela P. T. Thomazella, Paulo José Teixeira, Isabela Toni, Halley Caixeta Oliveira, Johana Rincones,

Elzira E. Saviani, Ricardo A. Tiburcio, Odalys Garcia, Lyndel W. Meinhardt, Ione Salgado, Gongalo A.G.
Pereira

(Manuscrito em fase final de preparacio)
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RESUMO

Alguns dos fitopatogenos mais importantes da agricultura apresentam um ciclo de vida
hemibiotréfico, com uma fase inicial biotréfica, seguida de uma fase necrotrofica caracterizada
pela morte do tecido vegetal. Até o momento, pouco se sabe sobre os mecanismos moleculares
que distinguem estas duas fases de desenvolvimento e também sobre os fatores que regulam o
processo de transicdo de fase. O agente etiolégico da Vassoura de bruxa do cacaueiro,
Moniliophthora perniciosa, ¢ um basidiomiceto hemibiotrofico com uma fase biotrofica
particularmente longa, responsavel por ocasionar drasticas alteragdes na planta infectada. No
presente trabalho, nos reportamos a identificacdo e caracterizagdo, em M. perniciosa, de um gene
codificante para a enzima oxidase alternativa (Mp-aox), cuja dindmica de expressdo mostrou-se
bastante relacionada ao ciclo de vida hemibiotrofico deste patogeno. Niveis de expressdo
relativamente elevados do gene Mp-aox foram observados no micélio biotrofico de M. perniciosa
cultivado in vitro. De acordo, verificou-se grande sensibilidade desta fase micelial a inibi¢cdo da
via alternativa, sugerindo que a AOX tem importante participa¢do no desenvolvimento deste
primeiro estagio do fungo. Curiosamente, a inibi¢do in vitro da cadeia respiratoria principal
retardou a transicdo da fase biotrofica para a necrotrofica. Além disso, o uso combinado de um
inibidor da via principal com um inibidor da AOX resultou em total inibicdo do desenvolvimento
do fungo in vitro como também preveniu o estabelecimento da doenga em plantulas de cacau.
Com base nesses dados, um modelo no qual a participag¢do diferencial das vias de transporte de
elétrons (principal e alternativa) regula o desenvolvimento do micélio biotréfico e a transicdo de

fase de M. perniciosa é apresentado.
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INTRODUCAO

O cacau (Theobroma cacao) ¢ uma comodite tropical, economicamente importante como
matéria prima para a confec¢do do chocolate, um produto apreciado mundialmente. Nas tltimas
décadas, a producdo mundial de cacau vem sendo ameagada por muitas doengas fungicas. Dentre
elas, a Vassoura de bruxa, causada pelo basidiomiceto Moniliophthora perniciosa, é considerada
o principal problema fitopatologico em muitos paises da América Latina e Ilhas do Caribe (Purdy
& Schmidt 1996). No Brasil, a cacauicultura foi drasticamente afetada e, em apenas 10 anos, a
producdo anual de améndoas de cacau passou de 400.000 toneladas para apenas 100.000
toneladas (Meinhardt et al. 2008). Apesar da severidade da doenca, nenhuma estratégia se
mostrou efetiva no combate ao fungo e sua disseminagdo para os principais produtores de cacau
do globo ¢ um risco consideravel, ameagando assim as industrias chocolateiras de todo o mundo
(Griffith et al. 2003).

M. perniciosa ¢ classificado como um fungo basidiomiceto hemibiotrofico com duas fases
miceliais distintas em seu ciclo de vida (Griffith et al. 2003; Meinhardt et al. 2008). Na primeira
fase, conhecida como fase biotrofica, o micélio € caracterizado por hifas monocaridticas de
crescimento bastante lento, encontradas em baixa densidade no tecido infectado da planta (Evans
1980). Este micélio biotréfico coloniza o espago intercelular dos tecidos meristematicos do
cacaueiro como almofadas florais, meristemas apicais e laterais e frutos jovens em
desenvolvimento (Griffith et al. 2003). Quando a infec¢do ocorre no meristema de ramos, os
sintomas da doenca sdo manifestados pelo desenvolvimento hipertrofico e hiperplasico do tecido
infectado, o que caracteriza o fendtipo conhecido como “vassoura verde”. Apos dois a trés meses,
o fungo sofre alteragcdes morfologicas permanentes, que coincidem com a necrose do tecido de

cacau infectado (Meinhardt et al. 2008). Este segundo estagio micelial, conhecido como micélio
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necrotrofico ou saprotréfico, apresenta intenso crescimento inter e intracelular e € caracterizado
por hifas dicarioticas que apresentam estruturas tipicas, denominadas de grampos de conexdo
(Evans 1980; Meinhardt et al. 2008). Os fatores envolvidos na transi¢do da fase biotrofica para a
fase necrotrofica do fungo ainda nio sdo bem entendidos, mas parecem estar relacionados a
disponibilidade de nutrientes e fontes de carbono para o patogeno (Meinhardt et al. 2006).
Finalmente, seguindo ciclos alternados de chuva e seca, os cogumelos (basidiomata) frutificam
sobre as vassouras necrosadas e produzem os esporos (basididsporos), completando assim o ciclo
de vida do patégeno (Griffith et al. 2003; Meinhardt et al. 2008).

Em 2000, o projeto genoma de M. perniciosa foi iniciado visando compreender a biologia
deste fungo e elucidar mecanismos que estariam potencialmente envolvidos na interagdo do
patégeno com o cacaueiro. A andlise do genoma de M. perniciosa levou a identificacdo de um
gene codificante para a enzima oxidase alternativa (AOX). A AOX ¢ uma ubiquinol oxidase que
catalisa a reducdo do oxigénio molecular a agua, constituindo assim uma rota respiratoria
alternativa a cadeia respiratéria principal (Siedow & Umbach 2000). Diferentemente da
citocromo ¢ oxidase (complexo IV), a transferéncia de elétrons pela AOX ndo estd associada a
sintese de ATP e a energia proveniente do transporte de elétrons ¢ liberada na forma de calor
(Elthon & Mclntosh 1987; Joseph-Horne, Hollomon, & Wood 2001). Desta forma, o uso da via
alternativa resulta em apenas um sitio acoplado para fosforilagdo oxidativa (complexo I) ¢ a
produgdo de energia diminui para aproximadamente um ter¢o do ATP gerado pela via principal
(Lorin, Dufour, & Sainsard-Chanet 2006).

A AOX ocorre em todas as plantas superiores, em alguns fungos, protistas, bactérias e
alguns poucos animais (Chaudhuri, Ott, & Hill 2006; Joseph-Horne et al. 2001; McDonald,

Vanlerberghe, & Staples 2009; Nakamura et al. 2010; Stenmark & Nordlund 2003). Embora
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amplamente distribuida, a fun¢do precisa da enzima ¢ bem caracterizada apenas em plantas
termogénicas, como espécies pertencentes a familia Araceae (Wagner et al. 2008). Durante o
processo reprodutivo dessas plantas, a AOX ¢ uma enzima muito importante, com a fungdo de
gerar calor para volatiliza¢cdo de aminas e consequente atragdo de insetos polinizadores (Wagner
et al. 2008). Em tecidos ndo termogénicos como também nos demais organismos, as fun¢des da
via alternativa vém sendo bastante discutidas. A fun¢do mais aceita para a enzima ¢ sua
participacdo na resposta ao estresse associado a restri¢do/inibi¢do da via principal (Vanlerberghe
& MclIntosh 1997). Sob estas condigdes, a AOX ¢ capaz de continuar o transporte de elétrons,
desviando o fluxo dos complexos III e IV e, prevenindo assim, o estresse oxidativo associado
com o aumento da geragdo mitocondrial de espécies reativas de oxigénio (EROs) (Maxwell,
Wang, & MclIntosh 1999).

Nos ultimos anos, tem surgido um forte interesse no estudo da AOX de fungos
fitopatogénicos. Isto porque, verificou-se que esta enzima ¢ um importante mecanismo de
resisténcia desses organismos contra a toxicidade de fungicidas da classe Qol. Estas drogas tém
como principio ativo as estrobilurinas, potentes inibidores da via principal, sendo capazes de
inibir seletivamente a cadeia respiratoria de fungos (Bartlett et al. 2002). A toxicidade das
estrobilurinas esta principalmente relacionada a reducdo da sintese de ATP e ao aumento da
producdo de EROs mitocondrial. No entanto, a AOX ¢ capaz de “tamponar” a toxicidade dessas
moléculas, prevenindo a geragdo do estresse oxidativo (Affourtit, Heaney, & Moore 2000; Wood
& Hollomon 2003; Yukioka et al. 1998). Enquanto a fun¢do da AOX na conferéncia de
resisténcia a fungicidas da classe Qol tem sido bastante estudada, o papel da enzima no
desenvolvimento in planta e ciclo de vida de fungos fitopatogénicos ¢ ainda bastante discutido.

Neste estudo, nds apresentamos, pela primeira vez, fortes evidéncias para uma funcdo
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biologica da AOX no ciclo de vida de um fitopatdgeno. O gene aox identificado no genoma do
patoégeno do cacaueiro M. perniciosa foi caracterizado e uma clara correlagdo entre o ciclo de
vida hemibiotrofico do fungo e a funcionalidade da via alternativa foi observada. Finalmente, nos
demonstramos que o uso combinado de um inibidor da AOX com um inibidor da via principal foi
eficientemente capaz de inibir o desenvolvimento do fungo e prevenir o desenvolvimento da

doenga Vassoura de bruxa em plantulas de cacau.



25

MATERIAL E METODOS

Material biologico e condicoes de crescimento

Os experimentos foram realizados com o isolado FA553 de M. perniciosa. Este isolado
foi coletado em Ilhéus, Bahia e apresenta patogenicidade a plantas de cacau suscetiveis. A
manuten¢do do micélio necrotrdfico in vitro foi realizada em meio padrdao de crescimento do
fungo MYEA — malt yeast extract agar (extrato malte 20g/L, extrato de levedura 5g/L., agar
20g/L).

Cogumelos (basidiomata) e basididsporos de M. perniciosa foram obtidos a partir do
crescimento do micélio necrotréfico em substrato especifico previamente descrito por Griffith e
Hedger (Griffith & Hedger 1993). O substrato ¢ composto por uma mistura de galhos e folhas
triturados de cacaueiro (77% p/v), aveia (20% p/v), CaSO4 (3% p/v) e agua, sobre o qual ¢
inoculado o micélio necrotrofico. Apos a completa colonizagdo pelo fungo, o substrato €
pendurado em uma caixa de acrilico estéril e regado diariamente para obtengdo dos cogumelos.
Os basidiosporos produzidos sdo coletados em solugdo contendo glicerol 16%; MES 0,01M e
Tween 20 0,01%; pH 6,1 (Frias, Purdy, & R.A.Schmidt 1995).

O micélio infectivo (biotréfico) foi gerado inm vitro a partir da germinagdo de
basididsporos em meio especifico para manutengdo da fase biotrofica (extrato de levedura
Difco™ 5g/L; glicerol 50 mL/L; K,HPO4 2,5 g/L; elementos tragos 1 mL/L. — FeSO4+7H,0 5
mg/ml; MnSO, 1,56 mg/ml; ZnCl, 1,67 mg/ml; CoCl, 2 mg/ml) (Meinhardt et al. 2006). A
transferéncia do micélio biotréfico para qualquer outro meio rico em nutrientes induz a rapida
transicdo para a fase necrotrofica.

Para analise de expressdo génica nos quatro estagios principais de desenvolvimento do

fungo (esporos, cogumelos, micélio biotrofico e micélio necrotréfico), cultivaram-se ambos os
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micélios biotréfico e necrotrofico em meio especifico de manutencdo da fase biotréfica
(Meinhardt et al. 2006). As culturas foram mantidas a temperatura constante de 28°C e agita¢do
de 120 rpm.

A expressdo do gene Mp-aox em resposta ao fungicida azoxistrobina (30 mg/L) e ao
doador de oxido nitrico (NO) NOC-5 (0,4 mM) foi verificada utilizando-se o micélio necrotréfico
crescido em meio com baixo conteudo de carboidratos — 1,7 g/ de malt extract broth (Difco), 5
g/L de extrato de levedura, 50 ml/L de glicerol. As culturas permaneceram sob agitacdo constante
de 120 rpm e a temperatura de 28°C. Apos 10 dias de crescimento, as culturas foram
separadamente tratadas com azoxistrobina (30 mg/L) e com o doador de NO NOC-5 (0,4 mM)
durante 4 horas. Como controle para a azoxistrobina utilizou-se também o tratamento do fungo
com metanol, uma vez que este foi usado como solvente do fungicida.

A variedade “comum” de Theobroma cacao (Catongo) foi utilizada na realizacdo dos
experimentos. As plantas foram crescidas por aproximadamente trés meses em ambiente
controlado de casa de vegeta¢do sob temperaturas médias de 26°C, umidade maior que 80% e

fotoperiodo de 12h.

Caracterizacao basica do gene Mp-aox e analises de Southern blot

O gene aox de Cryptococcus neoformans (Genbank gene ID 4933396) foi usado como
referéncia para identificagdo, através de tblastx, do contig gendmico correspondente ao gene aox
de M. perniciosa (Mp-aox). A sequéncia correspondente a regido codante de Mp-aox foi obtida
através de blastn do contig gendmico contra o banco de ESTs de M. perniciosa. O software
ClustalW foi utilizado para alinhar a sequéncia gendmica com a regido codante do gene Mp-aox

para identificacdo dos exons e introns. A traducdo da sequéncia de nucleotideos foi realizada com
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o software Tranmslate tool (Expasy Proteomics Server) e a presenga do peptideo de
direcionamento para a mitocondria na regido N-terminal da sequéncia da AOX foi avaliada com
o software Target P (Henrik Nielsen et al. 1997; Olof Emanuelsson et al. 2000).

Complementando as informagdes sobre a AOX de M. perniciosa, a filogenia desta
proteina foi realizada a partir do alinhamento de aproximadamente 255 aminodcidos de um
conjunto de sequéncias de diversos organismos. O software ClustalWW foi utilizado para o
alinhamento destas sequéncias, que foram obtidas através de tblastx do gene Mp-aox contra o
banco nt/nr do NCBI. A filogenia foi construida por verossimilhan¢ca maxima, utilizando-se o
programa Phyml, o qual também foi utilizado para avaliagdo da confiabilidade dos ramos com
1000 bootstraps.

Finalmente, o nimero de copias do gene aox no genoma de M. perniciosa foi determinado
por meio da técnica de Southern blot (Sambrook & Russell 2001). O DNA genomico do micélio
necrotrofico foi extraido através do método CTAB (Sambrook et al. 2001) e quantificado
utilizando-se o espectrofotdometro NanoDrop ND-1000. Aproximadamente 10 ug de DNA foram
individualmente digeridos com as enzimas de restrigdo Bam HI (1), Cla 1 (2) e Xho I (3), que ndo
cortam a regido do gene aox e Eco Rl (4), Eco RV (5) e Hind 111 (6) que tém um sitio de restricdo
dentro do gene. As enzimas foram selecionadas utilizando-se o software Clone Manager 4.

O DNA digerido foi transferido overnight, pelo método de transferéncia alcalina, para
membranas carregadas Hybond N+ (Amersham — GE Healthcare Life Sciences), segundo
protocolo padrdo (Sambrook et al. 2001).

A pré-hibridizacdo, hibridizag¢do e lavagem das membranas Hybond N+ (Amersham — GE

Healthcare Life Sciences) contendo o DNA digerido foram feitas segundo Sambrook (Sambrook
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et al. 2001). O tampéo de hibridizagdo — contendo formamida e PEG-8000 como intensificador
do sinal radioativo — foi preparado da seguinte maneira: 50% de formamida, 0,12M de Na,HPO,
(pH 7,2), 7% de SDS, 0,25 M de NaCl, | mM de EDTA, 10% de PEG-8000 e 200ul de DNA de
esperma de salmdo (10 mg/ml). Em virtude da presenca da formamida, a pré-hibridizacdo e
hibridizacdo foram conduzidas a 43°C.

Como molde para preparo da sonda, utilizou-se um fragmento de aproximadamente 1000
pb do gene aox obtido através de amplificagdo do DNA genomico, usando os primers AOXF -
5'- ATGCTTGCGATTCGTACTC-3" e AOXR - 5'-TGAGTGTCCTGCGTTCG-3". Este produto
foi marcado isotopicamente com ATP** (> 3000 ci, Amersham — GE Healthcare Life Sciences)
seguindo a técnica de hexaoligonucletidio aleatdrio (Feinberg & Vogelstein 1983), incorporado
mediante polimerizagcdo com a enzima Klenow (Amersham — GE Healthcare Life Sciences). Apos
a marcacdo, a sonda foi purificada em coluna Microspin HS300 (Amersham — GE Healthcare Life
Sciences) e desnaturada a 95°C. Constatou-se a presenca de radioatividade na sonda com medidor
Geiger e adicionou-se a mesma a solu¢do de pré-hibridizagdo. O sistema permaneceu a 43°C
overnight sob rotagdo constante no forno de hibridiza¢do. Apds as lavagens para retirada da
marcagdo inespecifica, a membrana foi exposta a uma auto-radiografia em filme IBF—Medix,

durante trés a quatro dias a -70°C.

Analise da expressao génica por Real time RT-PCR
O RNA total do fungo nas diferentes condigdes experimentais foi extraido com o kit
RNeasy Mini Kit da Qiagen segundo as instrugdes do fabricante. Apos a extracdo, o RNA foi

tratado com DNAse I Amplification Grade (Invitrogen) e sua concentracdo e qualidade foram
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verificados no espectrofotdmetro NanoDrop ND-1000. A integridade do RNA foi avaliada em gel
desnaturante de agarose (1%).

Uma quantidade padrdo de RNA (1 pg) de cada condicdo foi utilizada para a sintese de
cDNA com o kit SuperScript 1l First-Strand Synthesis System for RT-PCR da Invitrogen,
utilizando-se random primers para a transcrigdo reversa. O cDNA obtido foi utilizado para as
reacoes de Real time RT-PCR.

Para a analise da expressdo de cada gene, os primers especificos utilizados foram: A) para
amplificagdo do gene aox AOXRTF 5°-GAC GTG CCT TTC GGA TAG AG-3” e AOXRTR 5°-
CTT GCC AGG AGG AAT GGT T-3’; B) para amplificagdo do gene B-actina, ACTRTF 5°-
CCC TTC TAT CGT CGG TCGT-3" ¢ ACTRTR 5- AGG ATA CCA CGC TTG GAT TG-3’ e
C) para amplificagdo do gene codificante para a proteina ribossomal 144, L44RTF 5°-
CAACTCTCTTTGAAGCGTTGC-3’e L44RTR 5’-CGAGGAACATGACGCAATTA-3. A
temperatura de anelamento de todos os pares utilizada nas reagdes de Real time RT-PCR foi de
53°C.

O Real time foi realizado com o kit SYBR® Green PCR Master Mix (Applied Biosystems
by Life Technology) para detec¢do da fluorescéncia durante a amplificacdo no aparelho
StepOnePlus system (Applied Biosystems by Life Technology) acoplado ao software StepOnePlus,
em uma reacdo contendo: 8 ul de Sybr Green PCR Master Mix, 1 ul de primer forward a 5 puM, 1
ul de primer reverso a 5 UM e aproximadamente 25 ng de cDNA num volume final de 16 pl. As
reagdes foram preparadas em placas de 96 pocos, sendo que cada placa possuia dois conjuntos de
reagdes: A) reacdes da curva padrdo de cada gene composta por uma diluigdo seriada de 40ng/pl

de cDNA (de 10° a 107) para analise de regressdo e B) as diferentes condicdes nas quais a
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expressdo génica seria avaliada. O cDNA utilizado para a confec¢do da curva padrdo foi um pool
dos cDNAs de todas as condi¢des analisadas. Todas as condi¢des e pontos da curva padrdo foram
feitos em triplicata. Os ciclos utilizados na reagdo de Real time RT-PCR foram: um ciclo de 50°C
por 2 min, um ciclo de 95°C por 10 min e, finalmente, 40 ciclos de: 95°C por 15 seg; 53°C por 30
seg ¢ 60°C por 1 min. Uma andlise da curva de dissociacdo foi conduzida para verificar a
formagdo de dimeros de primers e amplificacdes inespecificas.

Para tratamento dos dados obtidos, utilizou-se 0 método matematico da eficiéncia descrito
por Pffafl (2001) (Pfaffl 2001). Este método se baseia na eficiéncia dos primers na reagdo e na
variagdo de Ct (cycle threshold) entre as amostras. A expressdo relativa do gene Mp-aox foi
normalizada pela média geométrica da expressdo dos genes controle-endogenos codificantes para
B-actina e proteina ribossomal 144, através da utilizagdo do programa geNORM para Microsoft

Excel (Vandesompele et al. 2002).

Isolamento de mitocondrias e ensaios de consumo de oxigénio

O protocolo utilizado foi baseado na metodologia desenvolvida por Gredilla e
colaboradores (Gredilla, Grief, & Osiewacz 2006). Foram utilizadas culturas liquidas de M.
perniciosa crescidas durante sete dias em meio com baixo teor de carboidratos. Para obten¢do das
mitocondrias purificadas macerou-se inicialmente 40 g de micélio (peso imido) em 200 ml de
tampdo de extracdo contendo Tris-HCl 10 mM, EDTA 1 mM, BSA 0.1 %, DTT 2mM, PMSF
0,3 mM e Sacarose 400 mM, pH 7,5. A maceragdo foi realizada com um bead beater, utilizando-
se dois pulsos de 15 segundos com intervalos de 1 minuto. Em seguida, o homogenato foi filtrado

e o pH ajustado para 7.1. O filtrado obtido foi entdo centrifugado a 1000xg por 10 minutos e uma
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segunda centrifugacdo a 19000xg por 20 minutos foi realizada com o sobrenadante. O pellet
contendo as mitocondrias foi lavado duas vezes com tampdo de lavagem (Tris-HCI 10 mM,
EDTA 1 mM e Sacarose 400 mM, pH 7,2) e ressuspendido em 250 pul do mesmo meio. A
concentracdo de proteinas foi avaliada pelo método de Bradford, utilizando-se BSA como padrdo
(1976).

O consumo de oxigénio mitocondrial foi avaliado a 27°C utilizando-se um eletrodo de
oxigénio do tipo Clark conectado a um oxigrafo (Hansatech). Aliquotas da suspensdo
mitocondrial (2 mg de proteina/mL) foram adicionadas a cdmara de reagdo contendo 1 ml do
tampdo de respiragdo (Sacarose 330 mM; KH,PO, 10 mM; MgCl, 5 mM; EGTA 1 mM; KCI 10
mM e BSA 0,1 %; pH 7,2). Para a analise do perfil de consumo de oxigénio, as mitocondrias
foram energizadas com NADH 1 mM, seguido da adi¢do de ADP 300 uM. A atividade da AOX
foi verificada na presenga de antimicina-A 5 pM e foi avaliada pelo consumo de oxigénio
residual estimulado por GMP 1 mM (estimulador especifico da AOX de fungos) e inibido por -

propil galato 100uM (inibidor especifico da AOX).

Ensaios in vitro de inibicao do crescimento micelial de M. perniciosa na presenca dos
inibidores azoxistrobina e SHAM

Os efeitos dos inibidores das vias de transporte de elétrons principal e alternativa foram
avaliados sobre o crescimento in vitro das fases miceliais de M. perniciosa. Para isto, foram
utilizados como indculo os micélios biotrofico e necrotrofico. A azoxistrobina (1 mg/L), inibidor
especifico do complexo III, foi utilizada como inibidor da via principal e o SHAM (0,75 g/L)

como inibidor da via alternativa. Estas drogas foram adicionadas combinadas e separadamente ao
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meio padrdo de crescimento de M. perniciosa MYEA. Em seguida, os micélios biotrofico e
necrotrofico foram inoculados nos meios com as diferentes combina¢des dos inibidores e o
padrdo de crescimento do micélio for observado semanalmente e registrado por fotografias. A
importancia das vias respiratorias foi revelada através da analise dos efeitos destes inibidores
respiratorios sobre o crescimento dos micélios. Além disso, a morfologia micelial também foi
verificada. Apds coloragdo das hifas com o corante Calcofluor White M2R (Fluorescent
Brightener 28, Sigma), estas foram analisadas por microscopia 6tica de epifluorescéncia sob luz

ultravioleta (filtros 340 a 380 nm), em microscopio Olympus BX-51.

Medicao fluorométrica da emissio de NO em plantulas de cacau infectadas com M.
perniciosa

Meristemas apicais de plantulas de cacau sadias (controle) e no estadgio de vassoura verde
foram coletados para avaliagdo da emissdo de NO utilizando-se o indicador fluorescente 4,5-
diaminofluoresceina (DAF-2). A reacdo entre o DAF-2, uma molécula praticamente ndo
fluorescente, e 0 NO, na presenga de oxigénio, resulta na formac¢do de um produto de elevada
fluorescéncia, a triazolofluoresceina (DAF-2T) (Kojima et al. 1998). A fluorescéncia resultante
do DAF-2T aumenta com a concentracdo de NO (Kojima et al. 1998; Nagata, Momose, & Ishida
1999).

Aproximadamente 80 mg de cada amostra foram incubados em tampao fosfato de sodio
0,1 M (pH 7.2) contendo DAF-2 25 uM, durante 1 h, a temperatura ambiente e ao abrigo da luz.
Apods remogdo do tecido, a solugdo foi diluida 2,5 vezes e o espectro de emissdo de fluorescéncia

entre 500 e 550 nm sob excitacdo de 495 nm foi obtido em um espectrofluorimetro Hitachi F-
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2500 (Hitachi). As analises foram feitas em triplicatas e a solugdo de trabalho contendo DAF-2
sem o material vegetal foi utilizada como o branco.

Visando confirmar a especificidade de deteccdo do radical NO pelo método do DAF-2, o
mesmo experimento foi repetido com uma amostra adicional de vassoura verde incubada com o
scavenger de NO cPTIO (1mM) (Calbiochem), diluido em tampéo fosfato de sodio 0,1 M (pH
7.2). Neste caso, a presen¢a do cPTIO mitigaria a fluorescéncia associada a presenca do radical

NO na amostra.

Efeito dos inibidores azoxistrobina e SHAM sobre o desenvolvimento da doenca
Vassoura de bruxa em pliantulas de cacau

Os efeitos preventivos e curativos dos inibidores das vias principal (azoxistrobina) e
alternativa (SHAM) sobre o estabelecimento e desenvolvimento da doenga Vassoura de bruxa do
cacaueiro foram verificados.

Um total de 45 plantas foram inoculadas com 60 pl de uma suspensdo de esporos de M.
perniciosa a uma concentracio de 8,5 x 10° esporos/ml, conforme descrito por Frias (Frias et al.
1995). Estas plantas foram divididas em trés grupos experimentais, sendo 15 plantas utilizadas
como controle, 15 plantas tratadas com 150 ml das drogas 24h antes da infec¢do (tratamento
preventivo) e 15 plantas tratadas com 150 ml das drogas 48h depois da infec¢do (tratamento
curativo). As concentragdes de azoxistrobina e SHAM utilizadas foram de 100 mg/L e 1 g/L,
respectivamente. Os resultados foram registrados através de imagens fotograficas com a cadmera
digital Sony Cybershot W290. A porcentagem de plantulas infectadas em cada tratamento foi

verificada através de inspecdo visual das plantas e contagem do numero de plantas doentes em
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relacdo as sadias. As andlises estatisticas foram realizadas utilizando-se o teste estatistico de

Fisher (Fisher’s exact probability test) (Fisher 1958).
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RESULTADOS

Identificacio e caracterizacio basica do gene aox de M. perniciosa (Mp-aox)

O screening do banco gendmico de M. perniciosa foi realizado utilizando-se a sequéncia
do gene aox de Cryptococcus neoformans como referéncia. Com e-value de le”, o contig
correspondente ao gene aox de M. perniciosa (Mp-aox) foi identificado e o tamanho do gene foi
determinado como sendo de 1616 nucleotideos. Utilizando-se a sequéncia gendmica, buscou-se,
no banco de ESTs de M. perniciosa, a sequéncia correspondente a regido codante deste gene
(1137 nucleotideos). O alinhamento entre a sequéncia gendmica e a regido codante permitiu a
identifica¢do de dez exons e nove introns (Figura 1). Estes com tamanho médio de 50

nucleotideos, como verificado para os introns dos demais genes nucleares de M. perniciosa.

A.

ATG | l | l ' . ' ' ' ' ' ' ' ' ' ' ' ' .

B.

Seq A ATGCTTGCGATTCGTACTCAATCTACGTTGGCACGGACTGTGGGTACCAGCCTACTTCGG 60

Seq B ATGCTTGCGATTCGTACTCAATCTACGTTGGCACGGACTGTGGGTACCAGCCTACTTCGG 60
Seq A CAGTCGTATATCGCCCGATACCCTCTTTGTAGGGGGATCTCTTCAAGCACCAGTAACAGG 120
Seq B CAGTCGTATATCGCCCGATACCCTCTTTGTAGGGGGATCTCTTCAAGCACCAGTAACAGG 120
Seq A AATAGCCTAACGGATGAACAGGCTCAGGCGGGTACTGTCGGGCCTCATCTTCGTACGTTG 180
Seq B AATAGCCTAACGGATGAACAGGCTCAGGCGGGTACTGTCGGGCCTCATCTTC———————— 172
Seq A TTCCCTCTTGTCCAACGATTTCTGGACGCTGATCTTCAAAACCTCGATAGAGCAACGACC 240
Se¢gB - ————— ———— AGCAACGACC 182
Seq A TACGGCATTGACAAGCGCCGAGACACGCCACCAACATGGAGATGCCGTGGTTACCGGAGA 300
Seq B TACGGCATTGACAAGCGCCGAGACACGCCACCAACATGGAGATGCCGTGGTTACCGGAGA 242
Seq A CTGGGTATTATTTCACCCTGTCTACTCCCCAGAGGAATTGAAGGTCGTAGAGGTGAAGGT 360
Seq B CTGGGTATTATTTCACCCTGTCTACTCCCCAGAGGAATTGAAGGTCGTAGAG-——————— 293
Seq A GACACAGTGCTCGTTCTGAAATGTTGCTAATGGGTCTATCATAGGTTCTACATCGCGAAG 420
Se¢gB - GTTCTACATCGCGAAG 310
Seq A CGACGTGCCTTTCGGATAGAGTTGCGGCTGGGCTGGTAGGACTCTGCAGGTTAGTTCTTC 480
Seq B CGACGTGCCTTTCGGATAGAGTTGCGGCTGGGCTGGTAGGACTCTGCAG-—————————~— 361
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CGTGTTATGCGGCATGGAAAATATGTAACGTCTCGAATTTAGGTGGGGTTACAACTTTGT
—————————————————————————————————————————— GTGGGGTTACAACTTTGT

AACGCGCTACAAGCACAAAACCATTCCTCCTGGTAAGAACATGACGCTTGCCGAACTTCG
AACGCGCTACAAGCACAAAACCATTCCTCCTGGTAAGAACATGACGCTTGCCGAACTTCG

TAAAGAGGGCTACCTTCTGGATGATAAGGCTTGGCTCAGCGTCAGTCACGCAGCGTTCTA
TAAAGAGGGCTACCTTCTGGATGATAAGGCTTGGCTCAGC-———--————————————————

TCTCTGTTCCAACTCTCACCAGTATACAGCGGATCCTGTTCCTCGAGTCCATAGCGGGCG
————————————————————————————— CGGATCCTGTTCCTCGAGTCCATAGCGGGCG

TTCCGGGAATGGTGGCGGCGACAATACGACACCTAACAAGTTTAAGGCTGATGGTATGCC
TTCCGGGAATGGTGGCGGCGACAATACGACACCTAACAAGTTTAAGGCTGATG-————-——

ATTACCAACTAATGACAAGGCTTGCATTACTTAATTTGTCCCTTAGCGCCGTGGTAACGG
—————————————————————————————————————————————— CGCCGTGGTAACGG

GTGGATTCACACCTGCCTAGAAGAAGCAGAGAACGAGAGGATGCATCTCATGTGAGTGAT
GTGGATTCACACCTGCCTAGAAGAAGCAGAGAACGAGAGGATGCATCTCAT——————=—~

GATATAGTGCTTCGGATGTCAAAGTCGTGTCACTAATGCTATGGTATAATAGGACCTTCA
———————————————————————————————————————————————————— GACCTTCA

TGACACTTCGAAAACCATCCATATTCTTCCGTGCTATGATATTAGGCGCACAGGGTGTCT
TGACACTTCGAAAACCATCCATATTCTTCCGTGCTATGATATTAGGCGCACAGGGTGTCT

TTTACAACCTGTTCTGTGAGTCCTCTTACAGCATTCGCGGTGGCTGATGCTGACTTCTTT
TTTACAACCTGT TC T —— === = = = =~ = —mm = oo

ACTTAGTCCTATCGTACATCATCTCTCCACGGATCTGTCATCGTTTCGTTGGGTGTCTCG
—————— TCCTATCGTACATCATCTCTCCACGGATCTGTCATCGTTTCGTTGGGTGTCTCG

AAGAAGAGGCCGTACTAACCTAGTGAGTCCCATTTTTGAAGTTGTCGACGAGCACTAATT
AAGAAGAGGCCGTACTAACCT A= — === === == — == o oo

CCCTGTCTTCAGTACAAAATGTATCAAAGACATCGAAGCTGGATACGTGCCTGAATGGTC
———————————— TACAAAATGTATCAAAGACATCGAAGCTGGATACGTGCCTGAATGGTC

CGACATGCCAGCACCGAAGATCGCCATAGATTATTGGCGACTTCCTGCGGACGCTAAGCT
CGACATGCCAGCACCGAAGATCGCCATAGATTATTGGCGACTTCCTGCGGACGCTAAGCT

ACTGGACGTCATCTATGCGGTGCGTTCCGATGAGACAACACATCGATTCGTCAACCATAG
ACTGGACGTCATCTATGCGGTGCGTTCCGATGAGACAACACATCGATTCGTCAACCATAG

TCTAGCGAACTTGAATGGCGACGCAGACGTAAATCCGTTTGCTCTGATGGAACCCGACAT
TCTAGCGAACTTGAATGGCGACGCAGACGTAAATCCGTTTGCTCTGATGGAACCCGACAT

GCACACGAAAGGGAAGAAGATTGCGTAGGTCTTTTTGTCGCTTCAGGAGATAACAAGTCG
GCACACGAAAGGGAAGAAGATTGC - === === === === ——————mmmmm oo

CTGACGCACATGCTAGGTTCGAACGCTCAGAGTCAGAGCAGTATCTCAAGGAGACTCACA
———————————————— GTTCGAACGCTCAGAGTCAGAGCAGTATCTCAAGGAGACTCACA

ACGTTCTTCGGGAACAACACGAGGCACACCCAGGGCCGAACGCAGGACACTCATGA 1616
ACGTTCTTCGGGAACAACACGAGGCACACCCAGGGCCGAACGCAGGACACTCATGA 1137
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Figura 1. Esquema representativo do gene aox de M. perniciosa. Em (A) apresenta-se uma
ilustragdo da sequéncia gendmica de Mp-aox, onde os exons sdo mostrados em vermelho e os
introns, proporcionalmente dispostos, em azul. (B) Alinhamento entre a sequéncia genomica
(Seq A) e regido codante (Seq B) do gene Mp-aox. Os exons sdo separados por introns (em
destaque) de aproximadamente 50 pb.
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O gene Mp-aox esta presente em uma unica cépia no genoma de M. perniciosa

A andlise de Southern blot do DNA genomico digerido de M. perniciosa mostrou um
padrdo coerente com a presenga de uma unica copia do gene Mp-aox no genoma do fungo
(Figura 2). As digestdes do DNA com as enzimas de restricdo que ndo apresentavam sitio
internamente ao gene Mp-aox (Bam HI, Cla 1 e Xho 1) mostraram uma Unica banda apds a
hibridizacdo. Ja as digestdes com as enzimas que possuiam um sitio Unico de restricdo na regido

do gene (Eco RI, Eco RV e Hind I11) mostraram a presenga de duas bandas.

Figura 2. Analise de Southern blot utilizando-se DNA gendmico de M. perniciosa. (A) Gel de
agarose mostrando DNA total do fungo digerido com as enzimas Bam HI (1), Cla 1 (2) e Xho 1
(3), que ndo cortam internamente ao gene Mp-aox, e Eco Rl (4), Eco RV (5) e Hind 111 (6), que
cortam uma vez na regido interna do gene. C — Controle: DNA gendmico ndo digerido; A —
Fragmento de aproximadamente 1.1 kb do gene Mp-aox usado como controle. (B) Membrana
contendo os DNAs digeridos apresentados no gel anterior, apos hibridizagdo com a sonda
correspondente ao gene Mp-aox.
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A AOX de M. perniciosa possui homologia com as AOXs de outros organismos

A proteina codificada pelo gene Mp-aox ¢ composta por 378 aminoacidos, sendo os 40
primeiros residuos correspondentes ao peptideo de sinalizacdo para a mitocondria. Muitas das
regides conservadas das proteinas AOX ja descritas para outros fungos e plantas também foram
encontradas na AOX de M. perniciosa (Figura 3). Dentre elas, identificaram-se as regides que
contém os aminoacidos histidina (H) e acido glutamico (E), os quais supostamente interagem
com os atomos de ferro no sitio ativo da enzima funcional (Moore, Umbach, & Siedow 1995;
Siedow et al. 2000; Siedow, Umbach, & Moore 1995). Além disso, assim como outros fungos, a
AOX de M. perniciosa ndo possui a cisteina conservada presente em praticamente todas as
sequéncias de plantas superiores (Figura 3). Esta cisteina permite a dimeriza¢do da enzima em
plantas, regulando assim sua atividade. Contrariamente, na maioria dos fungos, a AOX existe
apenas como um mondmero ¢ a atividade da enzima ¢ principalmente regulada por

mononucleotideos (AMP e GMP) (Umbach & Siedow 2000).
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Figura 3. Alinhamento da sequéncia de aproximadamente 255 aminoacidos da AOX de plantas,
algas (Viridiplantae) e fungos (Fungi). C1, C2, C3 e C4 correspondem aos dominios conservados
da proteina. As regides iniciais de alta variabilidade e baixa similaridade entre plantas e fungos,
bem como a regido terminal das sequéncias de fungo, que nio tem correspondente em plantas,
foram removidas. As setas vermelhas destacam os residuos de histidina e acido glutdmico
ligantes do atomo de ferro do sitio ativo da enzima. A seta azul destaca a cisteina (C128 em A.
thaliana) relacionada a dimerizacdo da enzima em plantas e ausente em fungos.

Analise filogenética das oxidase alternativas

A construcdo da filogenia da AOX foi realizada utilizando-se sequéncias de diversas
plantas, algas e fungos, incluindo-se M. perniciosa. Em fungos, a AOX ¢ bastante conservada e
sua filogenia acompanha a evolugdo das espécies, de modo que as espécies dos grupos de
basidiomicetos e ascomicetos foram corretamente dispostas e M. perniciosa agrupou com 0S

demais basidiomicetos, tanto patogénicos como ndo-patogénicos (Figura 4).
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Figura 4. Filogenia das sequéncias de AOX de plantas e fungos disponiveis no NCBI. Valores de
bootstraps maiores que 900/1000 sdo mostrados proximos aos respectivos ramos. Os grupos
taxondmicos indicados foram obtidos no NCBI. A raiz foi posicionada entre Viridiplantae e
fungos.

Deteccio da atividade da AOX em mitocondrias isoladas de M. perniciosa

Visando investigar a funcionalidade da oxidase alternativa de M. perniciosa, o consumo
de oxigénio de mitocondrias isoladas foi avaliado. A participacdo de cada via respiratoria foi
verificada utilizando-se os inibidores classicos da via principal (antimicina-A) e da AOX (n-
propil galato).

O consumo de oxigénio pelo micélio necrotrofico é mostrado na figura 5. A aplicagdo da
antimicina-A ao preparado mitocondrial inibiu parcialmente o consumo de oxigénio. A
respiragdo restante foi induzida pelo GMP e em seguida inibida pelo n-propil galato, indicando

assim a existéncia de uma via alternativa funcional nas mitocondrias de M. perniciosa.

Mito NADH

n-propil galato

{

48 natom O

Figura 5. Padrdo de consumo de oxigénio por mitocondrias isoladas do micélio necrotréfico de
M. perniciosa. NADH 2mM foi utilizado como substrato respiratdrio e ADP como substrato para
o complexo enzimatico ATP sintase. Apds inibicdo da cadeia respiratoria principal pela
antimicina-A, o consumo de oxigénio foi estimulado pelo GMP e inibido pelo n-propil galato.
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A expressao do gene Mp-aox é regulada de acordo com as fases de desenvolvimento

de M. perniciosa

Visando verificar a participagdo diferencial da AOX nas diferentes fases do fungo,

analisou-se o perfil de expressdo do gene Mp-aox durante o desenvolvimento in vitro de M.

perniciosa (Figura 6). Nenhuma diferenga significativa foi observada nos niveis de transcritos

deste gene entre os estagios de basididsporos, micélio necrotréfico e cogumelos. No entanto, os

transcritos do gene Mp-aox foram consideravelmente abundantes na fase biotrofica de M.

perniciosa ¢ uma indugdo de mais de seis vezes em relagdo aos demais estagios de

desenvolvimento do fungo foi observada (Figura 6).

Fold change

Esporos

Micélio
Biotréfico

Micelio
Necrotrofico

Estagios

Basidiomata
(cogumelos)

Figura 6. Expressdo relativa do gene Mp-aox nas diferentes fases de desenvolvimento de M.
perniciosa, obtida através de ensaios de Real time RT-PCR. Uma evidente indugdo de Mp-aox foi

observada no micélio biotréfico.
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O tratamento de M. perniciosa com inibidores da cadeia respiratéria principal induz
a expressao do gene Mp-aox

O gene Mp-aox apresentou uma consideravel inducdo apds o tratamento do micélio
necrotréfico do fungo com o doador de NO NOC-5, havendo um aumento de aproximadamente
10 vezes na expressdo deste gene, em relacdo ao micélio ndo tratado (Figura 7A).
Adicionalmente, o fungicida azoxistrobina ocasionou um efeito similar, havendo indugéo

aproximada de quatro vezes de Mp-aox (Figura 7B).

10

Fold change

Controle NOC-5

Fold Change

Controle Azoxistrobina




45

Figura 7. Expressdo relativa do gene Mp-aox em resposta a inibidores da cadeia respiratoria
principal (NO e azoxistrobina), obtida através de ensaios de Real time RT-PCR. Verificou-se a
indug¢do do gene Mp-aox em resposta ao tratamento do micélio necrotrofico de M. perniciosa
com (A) o doador de NO NOC-5 (0,4 mM) e (B) com o fungicida azoxistrobina (30 mg/L).
Como controle para azoxistrobina, o micélio também foi tratado com metanol (solvente do
inibidor).

Emissao de NO em plantulas infectadas por M. perniciosa

A emissdao de NO por plantulas de cacau infectadas no estagio de vassoura verde foi
comparada com a emissdo do radical por plantas sadias da mesma idade. Nas trés plantas
infectadas avaliadas, a emissdo de NO mostrou-se consideravelmente maior em relagdo ao
conjunto de plantas sadias e, em média, a diferenca entre os grupos de plantulas foi de

aproximadamente 10 vezes (Figura 8A e §B).

A.

1600 -

1400

1200 -
© 1000 -
o Infectado 2
‘@ 800
w
v infectado 3
O goo - g
3 Plantas sadias 1,2e 3
= i

400

200 -

Branco
450 500 510 520 530 540 550 560
Comprimento de onda (nm)




46

1200

1000 [

=}
=
=

600 T—

400 —

Fluorescéncia{unidades arbitrarias)

200 —

o HEEE L

Plantas sadias Plantas infectadas

Figura 8. Analise da emissdo de NO por plantulas de cacau sadias (controle) e infectadas usando
o método fluorimétrico DAF-2. A) Espectro de fluorescéncia dos meristemas de trés plantas
sadias (controle) e trés plantas infectadas no estagio de vassoura verde da doenca. Branco:
corresponde ao fluoroforo DAF-2 diluido em tampdo fosfato (0.1 M, pH 7.2). (B) Média da
fluorescéncia a 515 nm das triplicatas experimentais.

Uma vez que a fluorescéncia obtida pelo método fluorimétrico do DAF-2 pode ser
inespecifica, o experimento foi repetido com uma amostra adicional constituida do meristema da
planta infectada incubado com o scavenger de NO cPTIO. A reducdo da fluorescéncia a niveis
proximos do controle confirmou a deteccdo especifica do radical NO no estagio de vassoura

verde da doenga (Figura 9).
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Figura 9. Emissdo de NO verificada pelo método fluorimétrico DAF-2 e utilizando-se como
controle o scavenger de NO cPTIO. A figura mostra os valores arbitrarios de fluorescéncia a 515
nm de uma planta sadia, uma planta infectada e uma planta infectada tratada com o scavenger de
NO cPTIO (1 mM).

A inibicao conjunta da via principal e da AOX resulta na morte de ambas as fases
miceliais de M. perniciosa

Embora a disponibilidade de ferramentas moleculares para verificar a fungdo de genes
especificos do fungo M. perniciosa ainda seja limitada (Caribe dos Santos et al. 2009; Lima et al.
2003), o uso de inibidores respiratorios especificos ¢ uma alternativa interessante para a avaliagdo
da importancia das vias de transporte de elétrons durante o ciclo de vida deste fitopatdogeno.
Deste modo, utilizou-se a azoxistrobina ¢ o SHAM para se verificar os efeitos da inibi¢do das
vias respiratérias principal e alternativa, respectivamente, no desenvolvimento in vitro dos
micélios biotréfico e necrotrofico de M. perniciosa.

O fungicida azoxistrobina, potente inibidor do complexo III, ndo foi capaz de

completamente inibir o desenvolvimento de ambas as fases miceliais do fungo (biotrofica e
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necrotrofica) (Figura 10). Porém, uma completa inibi¢do do crescimento micelial foi observada
quando a azoxistrobina e o inibidor da AOX SHAM foram utilizados simultaneamente (Figura
10).

Curiosamente, verificou-se também que, enquanto o micélio necrotrofico foi capaz de
crescer na presenga de SHAM, o desenvolvimento do micélio biotrofico foi completamente

inibido por esta droga (Figura 10).
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Figura 10. Crescimento in vitro dos micélios biotrofico (B) e necrotrofico (N) de M. perniciosa
em meio MYEA contendo os inibidores da via principal (azoxistrobina), da AOX (SHAM) ou de
ambos (SHAM + azoxistrobina). O crescimento do micélio biotrofico foi completamente inibido
pelo SHAM, enquanto que apenas a aplicacdo combinada da azoxistrobina com o SHAM foi
efetiva na inibi¢do completa do crescimento do micélio necrotréfico. Controle — micélio crescido
sem inibidores. 4 — morte do micélio
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A inibi¢cao da cadeia respiratéria principal retardou a transicio da fase biotréfica

para a fase necrotrofica de M. perniciosa.

O micélio biotrofico quando inoculado em meio MYEA (controle) rapidamente mudou
para a fase necrotrofica, adquirindo um padrdo de crescimento vigoroso, caracteristico desta fase
do fungo. Contudo, a inibi¢do da cadeia respiratdria principal pelo inibidor azoxistrobina retardou
o processo de transi¢cdo da fase biotrofica para a necrotréfica. Apos aproximadamente quatro
semanas, o fungo ainda permaneceu com as caracteristicas do micélio biotrofico apresentando um
padrdo de crescimento consideravelmente lento e hifas intumecidas sem grampos de conex@o

(Figura 11).

Figura 11. Manutencdo da fase biotréfica de M. pernmiciosa na presenca do inibidor da via
principal azoxistrobina. (A) Crescimento do micélio biotrofico em meio padrdo de crescimento
MYEA. Em algumas horas apds a inoculagdo, este micélio adquire seu estagio necrotréfico (seta
vermelha destacando a presenga de grampos de conexdo). (B) Crescimento do micélio biotrofico
em meio MYEA contendo o inibidor azoxistrobina. Na presenca desta droga, a transi¢do de fase
foi prevenida e o micélio foi mantido em estagio biotrofico durante aproximadamente 30 dias.



50

A inibiciao conjunta da via principal e da AOX ¢ efetiva no controle da doenca
Vassoura de bruxa em pliantulas de cacau

Uma vez que a combinagdo da azoxistrobina com o inibidor da AOX SHAM se mostrou
capaz de inibir o crescimento in vitro de M. perniciosa, procurou-se verificar se estes inibidores
seriam capazes de impedir a infec¢do de plantulas de cacaueiro pelo patogeno. Observou-se que
as plantas tratadas, tanto antes como depois, com os inibidores das vias respiratdrias tiveram uma
drastica redugdo da taxa de infec¢do. Nas plantas que receberam o tratamento apds a infeccéo
(ID), a taxa de infec¢do foi de 27%, enquanto que no controle (IC) esta taxa foi de 73%, uma
diferenga estatisticamente significante (Fisher’s Exact Probability Test p=0.027). J& nas plantas
cujo tratamento foi realizado previamente a infec¢do (IA), a taxa de infecg¢do caiu para O e

nenhuma planta desenvolveu a doencga (Fisher’s Exact Probability Test p=0.00005) (Figura 12).
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Figura 12. Efeito dos inibidores azoxistrobina (100 mg/L) e SHAM (1 g/L) sobre o
estabelecimento e progressdo da doenca Vassoura de bruxa. Enquanto que uma grande
quantidade de vassouras foi verificada nas plantas controle, as plantas tratadas com os inibidores
apresentaram uma reducdo consideravel da taxa de infec¢do. IC — controle; ID — plantas tratadas
depois da infeccdo; [A — plantas tratadas antes da infecgao.
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DISCUSSAO

A AOX de M. perniciosa possui as caracteristicas tipicamente encontradas na enzima
de outros fungos

Neste trabalho, o gene codificante para a enzima oxidase alternativa do fungo M.
perniciosa (Mp-aox) foi 1dentificado e caracterizado. O gene Mp-aox € constituido por dez exons
e nove introns (Figura 1), sendo estes numeros bastante varidveis nos diferentes organismos ja
estudados. Além disso, uma tnica copia deste gene foi identificada no genoma de M. perniciosa,
assim como verificado na maioria dos outros fungos (Figura 2). De modo geral, a AOX de
microorganismos € codificada por um ou poucos genes nucleares, enquanto que plantas
superiores possuem uma familia multi-génica, tradicionalmente dividida em duas subfamilias,

aoxl e aox2.

Os 40 primeiros aminodcidos da sequéncia da AOX de M. perniciosa correspondem ao
peptideo de sinalizagdo para a mitocondria, o que estd de acordo com o direcionamento da
enzima, codificada por um gene nuclear, para a organela. A AOX ¢ uma proteina ligadora de
ferro, sendo este elemento essencial para sua atividade, pois permite a enzima realizar o
transporte de elétrons utilizando a capacidade de ¢xido-redugdo deste metal (Andersson &
Nordlund 1999). Andersson e Nordlund (1999) sugeriram um modelo em que as regides mais
conservadas da AOX, que compreendem o sitio ativo da enzima, estariam inseridas em um
conjunto de quatro segmentos (Andersson et al. 1999) (Figura 3). Estes segmentos foram
identificados em M. perniciosa, estando principalmente localizados na regido central e C-terminal
da proteina. Justamente nesses segmentos conservados estdo localizados os motivos EXXH

contendo os aminoacidos acido glutdmico (E) e histidina (H), os quais sdo considerados os
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principais aminoacidos ligantes aos atomos de ferro no centro di-férrico da enzima (Berthold,

Andersson, & Nordlund 2000; Vanlerberghe et al. 1997).

Em geral, a filogenia da AOX de fungos (incluindo-se a AOX de M. perniciosa) concorda
com a evolugdo das espécies, sendo as divisdes entre os grupos de basidiomicetos e ascomicetos
suportadas, na sua maioria, por altos valores de bootstrap, sugerindo um elevado grau de
conservagdo da proteina neste grupo (Figura 4). No entanto, diferencas marcantes sdo
encontradas entre as AOXs de fungos e plantas, as quais, na filogenia, puderam ser destacadas
pela taxa de substituicdo relativamente alta da AOX de plantas.

A AOX ¢ uma proteina homodimérica em plantas, sendo os mondmeros covalentemente
ligados por pontes dissulfeto (Umbach & Siedow 1993). A formacdo dessas ligacdes dissulfeto
esta relacionada a presenga de um residuo de cisteina altamente conservado localizado proximo a
regido N-terminal da proteina (C128 em Arabidopsis thaliana) (Figura 3). Este residuo ¢
responsavel pela regulacdo do processo de dimerizagdo da AOX em plantas (Vanlerberghe,
Mclntosh, & Yip 1998). Diferentemente, a AOX de fungos ndo apresenta esta cisteina
regulatoria, nem o dominio conservado que circunda este aminoacido na enzima de plantas, de
modo que a AOX de fungos ¢€ tipicamente monomérica. Adicionalmente, outras
inser¢des/delecdes sdo observadas na sequéncia da AOX de fungos em relagdo a de plantas
(dados ndo mostrados). Todas essas diferencas estruturais provavelmente respondem por
diferengas de atividade e/ou regulagdo da enzima, podendo estar relacionadas a processos

metabolicos especificos de cada grupo de organismos.
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Finalmente, verificou-se que o gene Mp-aox codifica para uma enzima AOX funcional,
cuja atividade foi confirmada através de ensaios de consumo de oxigénio por mitocondrias

isoladas do micélio necrotrofico de M. perniciosa (Figura 5).

Papel central do gene Mp-aox no desenvolvimento da fase biotrofica de M. perniciosa

O basidiomiceto M. perniciosa é um patégeno hemibiotrofico, cujo ciclo de vida ¢
marcado por alteracdes morfologicas e metabdlicas, as quais se relacionam ao desenvolvimento
da doenga no cacaueiro. Em seu primeiro estagio, a fase biotréfica, Rincones e colaboradores
(2008) sugeriram que o patogeno sofre repressdo catabodlica por carbono e nitrogénio e genes
ligados a fitopatogenicidade estdo induzidos. Além disso, Rincones e colaboradores (2008)
verificaram que genes relacionados ao processo de fosforilagdo oxidativa encontram-se inibidos
neste estagio de desenvolvimento do fungo. Diferentemente, no micélio necrotréfico, verifica-se
a expressdo de genes relacionados ao metabolismo de hexoses, amdnia como também ao
processo de fosforilagdo oxidativa (Rincones et al. 2008).

No entanto, o gene codificante para a enzima oxidase alternativa ndo foi analisado no
trabalho de Rincones e colaboradores (2008). Este gene € bastante interessante, uma vez que tem
participacdo no metabolismo de carbono e nitrogénio e sua regulagdo esta diretamente
relacionada ao processo de fosforilagdo oxidativa mitocondrial. Adicionalmente, em situagdes de
inibi¢cdo da enzima citocromo ¢ oxidase (complexo V), a AOX constitui a unica oxidase final da
cadeia de transporte de elétrons mitocondrial (Joseph-Horne et al. 2001). Deste modo, visando
entender as circunstancias nas quais a AOX pode ser importante, analisou-se o perfil de
expressdo do gene Mp-aox durante o desenvolvimento in vitro de M. perniciosa. Dentre todos os

estagios de desenvolvimento do fungo, a expressio relativa do gene Mp-aox foi
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aproximadamente seis vezes maior no micélio biotrdfico, sugerindo uma importante participagdo
da AOX neste estagio de desenvolvimento do fungo (Figura 6).

Rincones e colaboradores (2008) sugeriram que o lento crescimento micelial observado
durante a fase biotréfica poderia estar associado a reduzida fosforilagdo oxidativa desta fase do
fungo (Meinhardt et al. 2006; Rincones et al. 2008). Considerando que a AOX pode afetar
consideravelmente a produgdo de energia da célula, o aumento da participagdo da enzima na fase
biotrofica deve contribuir para este cenario de baixa geracdo de energia e lento crescimento da
fase biotréfica. De acordo, um estudo prévio de Affourtit e colaboradores (1999) demonstraram
que a transfec¢do do gene aox da planta Sauromatum guttatum na levedura Schizosaccharomyces
pombe, que naturalmente ndo possui e rota alternativa, resultou em significante redugdo da
biomassa total e taxa de crescimento da levedura, um fenotipo bastante semelhante ao observado
no estagio biotrofico de M. perniciosa (Affourtit et al. 1999; Meinhardt et al. 2006).

Esta elevada expressdo do gene Mp-aox no micélio biotréfico (fase infectiva) sugere que a
AOX possa ter uma funcdo significante durante o estagio inicial da doeng¢a Vassoura de bruxa
(estagio de vassoura verde). Uma resposta de defesa a patdgenos bastante conhecida tanto em
animais como em plantas consiste na produgdo de compostos altamente toxicos, com atividade
microbicida, como o peroxido de hidrogénio e o 6xido nitrico (NO) (Delledonne et al. 1998). O
peroxido de hidrogénio € capaz de causar importantes danos nas proteinas e DNA da célula e o
NO, dentre outros efeitos, € capaz de inibir de forma reversivel a citocromo c oxidase da cadeia
respiratoria principal (complexo IV) (Millar & Day 1996). Em conjunto, estas moléculas sdo
responsaveis pela geracdo de um ambiente extremamente oxidativo, capaz de matar o patdgeno,

prevenindo assim sua disseminac¢do para os tecidos sadios da planta (Delledonne et al. 2001;
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Romero-Puertas et al. 2004). No entanto, a AOX ¢ tolerante ao NO, de modo que, na presenca
deste radical, a atividade desta enzima pode garantir a sobrevivéncia do organismo.

A comparagdo da producdo de NO entre plantas de cacau infectadas e plantas sadias da
mesma idade mostrou que um burst de NO ocorre nos estagios iniciais da doenca Vassoura de
bruxa (estagio de vassoura verde) (Figuras 8 e 9). Assim, a habilidade do micélio biotréfico
sobreviver nos tecidos de cacau deve depender dos mecanismos que o patogeno desenvolveu para
se defender das moléculas de defesa do hospedeiro. Neste sentido, a AOX pode estar atuando
como um importante mecanismo de protecdo de M. perniciosa contra os efeitos toxicos do radical
NO sobre a cadeia de transporte de elétrons principal. Dando suporte para esta idéia, verificou-se
que o gene Mp-aox ¢é induzido em resposta ao tratamento in vitro de M. perniciosa com o doador
de NO NOC-5 (Figura 7A). Deste modo, acredita-se que, mesmo com o custo de uma reduzida
producdo de energia, a AOX deva permitir a sobrevivéncia de M. perniciosa na presenga deste
radical extremamente danoso a célula assim como o sucesso da infec¢do e desenvolvimento da
doenca. Estes resultados mostram assim um conjunto de fortes evidéncias que sugerem uma
importante participagdo da AOX na ecologia do fitopatdégeno M. perniciosa.

Esta ¢ a primeira vez que se reporta uma possivel fungdo biolégica da AOX no
desenvolvimento in planta e ciclo de vida de um fungo fitopatogénico. A primeira tentativa de se
verificar uma fungdo da enzima em fitopatogenos foi realizada com mutantes aox do ascomiceto
Magnaporthe grisea (vila-Adame & Koller 2002). Apesar de este estudo apresentar uma
participacdo chave da AOX na protecdo de M. grisea contra o estresse oxidativo gerado apos
aplicagdo do fungicida azoxistrobina in planta, a natureza deste estresse na ecologia do fungo néo
foi verificada. Assim como M. perniciosa, M. grisea também possui um ciclo de vida

hemibiotréfico, no entanto, sua fase biotréfica compreende apenas alguns poucos dias (3-5 dias)
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(Ribot et al. 2008). Ja o estagio biotréfico de M. perniciosa ¢ consideravelmente longo, variando
de 30 a 60 dias. Durante este periodo, o fungo ocupa os espagos entre as células do cacaueiro,
permanecendo, portanto em continuo contato com os tecidos vivos do hospedeiro (Evans 1980;
Meinhardt et al. 2008; Mondego et al. 2008). Deste modo, é possivel que, em M. perniciosa, a
funcionalidade da via alternativa tenha um papel critico na sobrevivéncia deste fungo, de modo
que a enzima pode estar atuando como um mecanismo de prote¢do contra o ambiente
extremamente hostil estabelecido durante a infec¢o.

Estudos com modelos de patdgenos de animais ja apontaram para uma fungdo semelhante
para a AOX. Em Histoplasma capsulatum ¢ Trypanosoma brucei propds-se que AOX atua como
uma enzima antioxidante, capaz de mitigar o estresse oxidativo e nitrosativo produzido pelos
macrofagos no processo de infec¢do (Chaudhuri et al. 2006; Nittler et al. 2005). Um teste critico
para provar esta idéia foi realizado com a caracteriza¢do de um mutante do tipo knockout para o
gene aox! do basidiomiceto patogénico Cryptococcus neoformans (Akhter et al. 2003). Apds a
disrupcdo deste gene, C. mneoformans apresentou grande sensibilidade ao estresse oxidativo
gerado no hospedeiro como também reduzida patogenicidade em camundongos, corroborando

assim o papel central da via alternativa como um fator de patogenicidade deste fungo.

Impacto da inibicdo das vias de transporte de elétrons principal e alternativa no
desenvolvimento de M. perniciosa

Para se analisar os efeitos da inibicdo das vias respiratorias principal e alternativa no
desenvolvimento in vitro dos micélios biotrofico e necrotrofico de M. perniciosa foram utilizados
inibidores de componentes especificos das vias respiratorias mitocondriais: azoxistrobina, como

inibidor da via principal e 0o SHAM, como inibidor da AOX.
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A inibicdo da via principal pelo fungicida azoxistrobina ndo foi capaz de inibir
completamente o desenvolvimento de ambas as fases miceliais de M. perniciosa (biotréfica e
necrotrofica) (Figura 10). Uma explicacdo plausivel para a resisténcia verificada ¢ dada pela
atividade da enzima oxidase alternativa, capaz de realizar o transporte de elétrons, mesmo na
presenca desse inibidor. Dando suporte para esta hipotese, verificou-se que o gene Mp-aox ¢
induzido apos tratamento do micélio com o fungicida azoxistrobina (Figura 7B). Além disso, uma
completa inibi¢do do crescimento micelial foi observada quando a azoxistrobina e o inibidor da
AOX SHAM foram utilizados em conjunto, confirmando assim a atua¢do da via alternativa como
mecanismo de resisténcia a inibi¢do da cadeia respiratdria principal e, portanto, a toxicidade desta
classe de fungicidas (Figura 10).

Além disso, enquanto o micélio necrotrofico foi capaz de crescer na presenca do SHAM,
o desenvolvimento do micélio biotréfico foi completamente inibido por esta droga (Figura 10).
Estes resultados confirmam a hipotese de que a AOX tem uma importante fungdo no
desenvolvimento da fase biotrofica. De modo similar ao micélio biotrofico, o protozoario 7.
brucei, em seu estagio infectivo, realiza predominantemente a respiracdo pela via alternativa e a
exposi¢do deste patogeno a inibidores da AOX (SHAM ou ascofuranona) tem efeito tripanocida
sobre o protozoario (Chaudhuri et al. 2006).

O procedimento chave para a manuten¢do de M. perniciosa na fase biotréfica consiste na
germinagdo dos esporos seguida de cultivo do fungo em um meio com baixo contetido de
nutrientes e contendo como unica fonte de carbono o glicerol (Meinhardt et al. 2006). A diferenca
do micélio necrotrofico, o qual pode ser facilmente mantido em meio nutritivo, o micélio
biotrofico so se prolifera no tecido vivo do hospedeiro ou em condigdes de cultivo bastante

especificas que simulam o crescimento no hospedeiro. Surpreendentemente, a inibi¢do da cadeia
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respiratoria principal pela azoxistrobina retardou consideravelmente a transi¢do da fase biotrofica
para a fase necrotrofica, de modo que o micélio biotréfico foi capaz de se desenvolver por um
longo periodo em meio rico em nutrientes MYEA (Figura 11). Deste modo, especulou-se que a
inibi¢do da via principal e o subsequente aumento da respiragdo pela rota alternativa devem ser
importantes fatores para a manuten¢do da fase biotrofica do patogeno. Um estudo prévio de
Evans (Evans 1980) sugeriu a existéncia de uma molécula instavel produzida pela planta que
seria responsavel pela manutencdo da fase biotréfica e, na auséncia desta molécula, o fungo
mudaria para a fase necrotrofica. Considerando que a inibi¢do da via principal é uma condigdo
importante para a manutengdo da fase biotrofica in vitro, pode-se especular que o radical NO
produzido no estdgio de vassoura verde poderia ser um sinal para o desenvolvimento e
manutengdo do micélio biotréfico in planta. Além disso, a inibi¢do da via principal por este
radical deve contribuir para o fendtipo de crescimento lento observado na fase biotrofica do
patoégeno. Seguindo esta ldgica, com a morte dos tecidos infectados do hospedeiro, os efeitos
inibitérios do NO na cadeia de transporte de elétrons do fungo cessariam e o aumento da razdo
das atividades da via principal em relag@o a via alternativa forneceria a energia necessaria (ATP)
para o crescimento intenso da fase necrotrofica do patdgeno.

Para a maioria dos fitopatogenos (Mycosphaerella graminicola, Botrytis cinerea € M.
grisea), a AOX vem sendo principalmente apontada como um mecanismo de resisténcia ao
estresse oxidativo gerado pela exposi¢do aos fungicidas a base de estrobilurinas (Gong et al.
2009; Ishii et al. 2009; Miguez et al. 2004; Yukioka et al. 1998). No entanto, as condicdes
ambientais durante o desenvolvimento destes fitopatogenos, nas quais a AOX tem uma
participacdo importante, sdo ainda desconhecidas. Deste modo, este trabalho apresenta, pela

primeira vez, fortes evidéncias que apontam para esta enzima como uma proteina chave no ciclo
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de vida hemibiotrofico de um fungo fitopatogénico. Se esta enzima também tem uma
participacdo chave no desenvolvimento de outros fitopatogenos, particularmente fungos
hemibiotroficos, ainda sera assunto para estudos futuros. Além disso, os resultados promissores
dos testes de inibi¢do in vitro complementados pelos experimentos realizados em plantulas de
cacau (Figura 12) como também pelas diferencgas existentes entre as AOXs de fungos e plantas
mostram claramente que esta enzima ¢ um alvo promissor para o desenvolvimento de novos
fungicidas capazes de inibir seletivamente o desenvolvimento de M. perniciosa e,

consequentemente, de controlar eficientemente a Vassoura de bruxa.
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RESUMO

Moniliophthora roreri ¢ um fungo basidiomiceto, causador da doeng¢a Frosty Pod Rot
(Moniliase) do cacaueiro. Apesar da grande relevancia desta doenga para a cacauicultura, pouco
se sabe acerca do metabolismo deste patogeno. A mitocondria tem participagdo chave no
suprimento de energia celular e é o alvo principal de uma importante classe de fungicidas
(estrobilurinas) amplamente utilizados na agricultura. Estes compostos inibem seletivamente
componentes especificos do sistema de fosforilagdo oxidativa de fitopatogenos. A enzima
oxidase alternativa (AOX) é uma forma de resisténcia a essa classe de drogas, sendo capaz de
realizar o transporte de elétrons mitocondrial mesmo na presencga desses inibidores. Este trabalho
teve como objetivo entender a possivel fun¢do da AOX no metabolismo e desenvolvimento do
fungo M. roreri. Verificou-se que o gene aox de M. roreri (Mr-aox) apresenta uma regulacdo
relacionada a progressdo da doenga Frosty Pod Rot, sugerindo que a enzima tem relevancia
durante o desenvolvimento in planta do patégeno. Adicionalmente, Mr-aox foi induzido em
resposta ao fungicida azoxistrobina (estrobilurina sintética). No entanto, apesar disso, M. roreri
mostrou-se consideravelmente sensivel ao fungicida. Uma possivel explicacdo ¢ que o fungo
apresenta consideravel susceptibilidade ao estresse oxidativo gerado pela droga. A adicdo
conjunta da azoxistrobina com um inibidor da AOX (SHAM) foi eficiente na inibicdo do
crescimento micelial de M. roreri in vitro, comprovando a participagdo da AOX como
mecanismo de protecdo do patogeno contra a toxicidade do fungicida. Por fim, acredita-se que
esta enzima tenha participagdo no desenvolvimento de M. roreri € que a inibi¢do das vias de
transporte de elétrons principal e alternativa seja uma estratégia interessante para o controle da

doenga Frosty Pod Rot do cacaueiro.
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INTRODUCAO

Moniliophthora roreri ¢ um patogeno hemibiotréfico, agente etioldgico da doenga Frosty
Pod Rot (FPR, Moniliase) em Theobroma cacao (cacaueiro). Esta doenga tem afetado
drasticamente a produgdo de cacau em muitos paises da América Latina e, devido a sua facil
disseminagdo e agressividade, constitui uma importante ameaga para a cacauicultura mundial
(Evans 2007).

Projetos envolvendo o sequenciamento do genoma e transcriptoma deste fungo estdo em
andamento e tem permitido uma melhor compreensdo da biologia do patogeno e de sua interacdo
com o hospedeiro. Uma primeira analise comparativa do genoma mitocondrial de M. roreri com
sua espécie irma Moniliophthora perniciosa permitiu a identificacdo de diferencas marcantes
entre estes genomas, envolvendo principalmente a presenca de regides repetitivas e plasmideos
mitocondriais (Lacerda et al. 2010).

As mitocOndrias sdo organelas essenciais para a célula que participam de diversos
processos metabolicos, sendo sua principal funcdo a regulagdo do status energético celular
através da realizacdo da fosforilagdo oxidativa (Lehninger, Nelson, & Cox 2008). Em M
perniciosa, a mitocondria parece participar de importantes etapas do metabolismo e
desenvolvimento deste fungo, tendo relacdo com o processo de senescéncia (Formighier: et al.
2008), resisténcia a fungicidas e o desenvolvimento da fase biotrofica deste patdgeno
(Thomazella et al. 2010).

A inspe¢do do banco genomico de M. roreri levou a identificacdo de um gene homologo a
enzima mitocondrial oxidase alternativa (AOX). A AOX ¢ uma ubiquinol oxidase capaz de
realizar o transporte de elétrons da ubiquinona reduzida para o oxigénio (Joseph-Horne,

Hollomon, & Wood 2001). A atividade da AOX ndo contribui para a sintese de ATP celular, uma
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vez que a enzima ndo bombeia protons para o espago intermembranas mitocondrial
(Vanlerberghe, Cvetkovska, & Wang 2009). A regulagdo da enzima ¢, portanto, uma etapa
importante na coordenagdo da producdo de energia celular para atender as necessidades
metabolicas do organismo. Deste modo, o presente trabalho teve como objetivo verificar a
regulacdo da expressdo do gene aox de M. roreri (Mr-aox) em resposta ao tratamento com o
fungicida azoxistrobina, um potente inibidor da cadeia respiratoria principal, como também ao
longo do desenvolvimento da doenga FPR. Além disso, a importancia das vias de transporte de
elétrons deste fungo foi avaliada, analisando-se os efeitos de inibidores das vias principal e

alternativa sobre o desenvolvimento deste fungo.
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MATERIAL E METODOS

Material biologico e condicdes de crescimento de M. roreri

Utilizou-se o isolado MAC2977 de M. roreri coletado no estado de Los Rios no Equador
que apresenta patogenicidade ao cacau. Este isolado ¢ mantido em meio PDA contendo 39g/L. de
Potato Dextrose Agar (Difco).

Para a realizagdo dos experimentos de expressdo génica, o micélio foi inoculado em 50 ml
de meio com baixo conteudo de carboidratos (1,7 g/L. de malt extract broth (Difco), 5 g/LL de
extrato de levedura, 50 ml/L de glicerol) e as culturas foram mantidas sob agitacdo constante de
120 rpm durante 10 dias e a temperatura de 25°C. O tratamento com azoxistrobina (30 mg/L) foi
realizado apos crescimento do micélio durante 10 dias e o tempo de indu¢do com a droga foi de 4
horas.

Os frutos em diferentes estagios de desenvolvimento da doenga foram fornecidos pelo
CATIE (Centro Agrondmico Tropical de Investigagdo e Educagdo) na Costa Rica, que tem uma

importante colaboracdo com o USDA (United States Department of Agriculture).

Caracterizacao basica do gene Mr-aox

O gene aox de M. perniciosa foi usado como referéncia para buscar, através de tblastx, o
contig gendmico correspondente ao gene aox de M. roreri (Mr-aox). A sequéncia correspondente
a regido codante de Mr-aox foi obtida através de blastn do contig gendmico contra o banco de
ESTs de M. roreri. O software ClustalW foi utilizado para alinhar a sequéncia genomica com a
regido codante do gene Mr-aox para identificagdo dos exons e introns. A similaridade entre as
sequéncias de M. perniciosa e M. roreri foi acessada utilizando-se a ferramenta blast2sequences

do NCBIL
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A tradugdo da sequéncia de nucleotideo foi realizada com o software Translate tool
(Expasy Proteomics Server) e a presenga do peptideo de direcionamento para a mitocondria na
regido N-terminal da sequéncia da AOX foi avaliada com o software Target P (Henrik Nielsen et
al. 1997, Olof Emanuelsson et al. 2000). O alinhamento da AOX de A. thaliana e de um conjunto

de fungos, incluindo-se M. roreri, também foi realizado com o software ClustalW.

Analise da expressao génica por Real time RT-PCR

A expressdo do gene Mr-aox foi avaliada em resposta ao tratamento do micélio do fungo
com o fungicida azoxistrobina e em diferentes estagios da doenga FPR (frutos em estagio inicial
da doenca, frutos necrosando e frutos cobertos por esporos). Os RNAs foram extraidos com o kit
RNeasy Mini Kit (Qiagen) e tratados com DNAse I (Invitrogen) de acordo com as recomendagdes
dos respectivos fabricantes. Apds a quantificagdo das amostras, aproximadamente 1 pg de RNA
de cada condi¢do foi utilizado para a sintese de cDNA com o kit SuperScript® VILO™ cDNA
Synthesis, conforme as instru¢des fornecidas pela Invitrogen.

Para a andlise de cada gene por Real time RT-PCR, os primers especificos utilizados
foram: A) para amplificagcdo do gene aox de M. roreri, AOXRTF 5’-GAT CTC TCC GCG AAT
CTG TC-3 e AOXRTR 5°-GCA GGA AGT CGC CAG TAG TC-3’ e B) para amplificagdo do
gene PB-actina de M. roreri, ACTRTF 5'-AGT CAG TTT CTG TTA TTC TGG CAC T-3' e
ACTRTR 5°-ATA GGG TAC TTG AGG GTG AGG ATA C-3°. A temperatura de anelamento
de todos os pares utilizada nas reagdes de Real time RT-PCR foi de 50°C.

O Real time foi realizado com o kit Brilliant 11 SYBR® Green qPCR Master Mix

(Stratagene) no aparelho Mx3005P™ Real-Time PCR System da Stratagene acoplado ao software
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Mx3005P analysis software, em reagdo contendo: 12,5ul de 2x Brilliant 11 SYBR Green gPCR
master mix, 2,5 de primer forward a 5 UM, 2,51l de primer reverso a SUM e aproximadamente
25 ng de cDNA num volume final de 25ul. Os ciclos utilizados na reagdo de Real time RT-PCR
foram: um ciclo de 95°C por 10min e 40 ciclos de [95°C por 30seg; 55°C por 60seg e 72°C por
30seg], seguidos da realizagdo da curva de dissociacdo para monitorar a especificidade dos

primers utilizados. O tratamento dos dados foi realizado de acordo com o método de Pffafl

(2001) (Pfaffl 2001).

Isolamento de mitocondrias e ensaios de consumo de oxigénio

O protocolo utilizado foi baseado na metodologia desenvolvida por Gredilla e
colaboradores (Gredilla, Grief, & Osiewacz 2006). Inicialmente, o micélio de M. roreri foi
crescido durante sete dias em meio com baixo teor de carboidratos. Macerou-se
aproximadamente 40 g de micélio (peso imido) em 200 ml de tampéo de extracdo contendo Tris-
HCI 10 mM, EDTA 1 mM, BSA 0,1 %, DTT 2mM, PMSF 0,3 mM e Sacarose 400 mM, pH 7.5.
A maceragdo foi realizada com um liquidificador de laboratorio (Waring®), utilizando-se dois
pulsos de 15 segundos com intervalos de 1 minuto entre eles. O homogenato obtido foi entdo
filtrado e o pH ajustado para 7,1. Duas centrifugagdes sequenciais foram realizadas a 1000xg por
10 minutos e posteriormente a 19000xg por 20 minutos. O pellet obtido contendo as mitocdndrias
foi lavado duas vezes em tampdo de lavagem (Tris-HCI 10 mM, EDTA 1 mM e Sacarose 400
mM, pH 7.2) e ressuspendido em 250 pl do mesmo tampdo. A concentracdo de proteinas foi

avaliada pelo método de Bradford, utilizando-se BSA como padrédo (1976).
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O consumo de oxigénio mitocondrial foi avaliado a 27°C utilizando-se um eletrodo de
oxigénio do tipo Clark conectado a um oxigrafo (Hansatech). Aliquotas da suspensdo
mitocondrial (0,8 mg de proteina/mL) foram adicionadas a cAmara de reag¢do contendo 1 ml do
tampdo de respiragdo (Sacarose 330 mM; KH,PO, 10 mM; MgCl, 5 mM; EGTA 1 mM; KCI
10 mM e BSA 0.1 %; pH 7,2). A presenga de atividade da AOX foi avaliada utilizando-se um

coquetel respiratorio contendo NADH 1 mM, GMP 1 mM e ADP 300 mM. A antimicina-A 5 puM

for utilizada como inibidor do complexo III e o n-propil galato 100uM como inibidor da AOX.

Testes de crescimento com inibidores das vias de transporte de elétrons (principal e
alternativa)

Os efeitos dos inibidores das vias principal (azoxistrobina) e alternativa (SHAM) foram
avaliados sobre o crescimento de M. roreri e comparados aos efeitos destas drogas sobre o
padrdo de crescimento do micélio necrotrofico de M. perniciosa. O meio de crescimento utilizado
continha 1,7 g/LL de malt extract broth (Difco), 5 g/L. de extrato de levedura, 50 ml/L de glicerol e
20 g/LL de agar. Os inibidores SHAM (0,75 g/L) e/ou azoxistrobina (1 mg/L) foram adicionados
ao meio e, posteriormente, os fungos foram inoculados. Os efeitos dos inibidores sobre o
desenvolvimento dos fungos foi observado semanalmente e registrado por fotografias, utilizando-

se a camera digital Cybershot W290 (Sony).
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RESULTADOS

O gene aox de M. roreri (Mr-aox) possui alta similaridade com seu homélogo em M.
perniciosa

A sequéncia do gene Mr-aox foi obtida através da andlise do banco gendmico de M.
roreri, utilizando-se o gene aox de M. perniciosa (Mp-aox) como referéncia. O contig
correspondente ao gene Mr-aox foi identificado com e-value 0.0 e identidade de 90% com Mp-
aox. O tamanho do gene Mr-aox foi determinado como sendo de 1613 nucleotideos, o que
corresponde a um tamanho trés bases menor que o gene de M. perniciosa (Thomazella et al.,
manuscrito em preparacdo). Além disso, a analise do genoma de M. roreri mostrou que o gene
Mpr-aox esta presente em copia unica no genoma do patdgeno.

A sequéncia de 1137 pb correspondente a regido codante deste gene foi identifcada
através da comparacdo da sequéncia genomica de Mr-aox com o banco de ESTs de M. roreri. O
alinhamento entre as sequéncias gendmica e codante mostrou que este gene, assim como em M.
perniciosa, ¢ constituido por dez exons e nove introns, apresentando estes ultimos um tamanho

médio de 50 nucleotideos (Figura 1).

A.

B.
Seq 1 ATGCTTGCGATTCGTACTCAATCTACATTGGCACGAACTGTGGGTGCCAGTCTACTTCGG 60
Seq 2 ATGCTTGCGATTCGTACTCAATCTACATTGGCACGAACTGTGGGTGCCAGTCTACTTCGG 60
Seq 1 CAATCGCGTATTGCCCGACACCCTCTTTGTAGAGGGATCTCTTCGAGCTCCAGTAACAAG 120
Seq 2 CAATCGCGTATTGCCCGACACCCTCTTTGTAGAGGGATCTCTTCGAGCTCCAGTAACAAG 120
Seq 1 AATAGTCTAACGGATGAAARAGGCTCAGTCGAGTACTGTTGGACCTCATCTCCGTACGTTG 180

Seq 2 AATAGTCTAACGGATGAAAAGGCTCAGTCGAGTACTGTTGGACCTCATCTCC-——————— 172
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Seq 2 ACGAAAGGGAAGAAGAT TG -~ = === === === — 1039
Seq 1 CATGCATGCCTAGGTTCGAACGCTCAGAAGCAGAGCAGTACCTCAAGGAGACTCACAAGG 1560
Seq2 00— GTTCGAACGCTCAGAAGCAGAGCAGTACCTCAAGGAGACTCACAAGG 1084
Seq 1 TTCTTCGAGAACAACACGAGGCGCATGCAGGTCCGAATGCAGGACGCTCATGA 1613
Seq 2 TTCTTCGAGAACAACACGAGGCGCATGCAGGTCCGAATGCAGGACGCTCATGA 1137

Figura 1. Esquema representativo do gene aox de M. roreri. (A) llustragdo mostrando a
organizagdo da sequéncia gendmica de Mr-aox, destacando-se em vermelho os exons e em azul
os introns. (B) Alinhamento entre a sequéncia gendmica (Seq 1) e regido codante (Seq 2) do
gene Mr-aox. Assim como em M. perniciosa, 0s exons sdo separados por introns (em destaque)
de aproximadamente 50 pb.

Além da grande similaridade em sequéncia de nucleotideos, a sequéncia de aminoacidos
da AOX de M. roreri também mostrou-se bastante conservada entre os dois fungos. Assim como
a proteina de M. perniciosa, a AOX de M. roreri é constituida por um total de 378 aminoacidos,
sendo os primeiros 40 residuos responsaveis pelo direcionamento da enzima para a mitocondria.
Além disso, os quatro segmentos conservados relacionados ao sitio ativo da enzima, ja

identificados em outros organismos, foram também identificados em M. roreri (Figura 2).
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Figura 2. Alinhamento de aproximadamente 240 residuos de aminoacidos da AOX de
Arabidopsis thaliana ¢ fungos (basidiomicetos e ascomicetos). C1, C2, C3 e C4 correspondem
aos dominios conservados da proteina, onde sdo encontrados os aminoacidos histidina (H) e

acido glutamico (E), relacionados a ligagdo ao atomo de ferro do sitio ativo.

Deteccao de atividade da AOX em mitocondrias isoladas de M. roreri

O padréo de consumo de oxigénio de mitocondrias purificadas de M. roreri foi analisado.

Para estimular o consumo de oxigénio mitocondrial, utilizou-se um coquetel contendo NADH,

ADP e GMP. A presenga de atividade da AOX foi verificada na presen¢a do inibidor da cadeia

respiratoria principal antimicina-A, apds inibi¢do do consumo residual pelo inibidor especifico da

AOX n-propil galato (Figura 3).
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Figura 3. Deteccdo da atividade da enzima oxidase alternativa em mitocondrias isoladas de M.
roreri. A atividade da AOX foi verificada na presenga de antimicina-A, inibindo-se 0 consumo
residual de oxigénio com o composto n-propil galato.

A expressio do gene Mr-aox ¢é regulada de acordo com os estagios de
desenvolvimento da doenca FPR e pelo fungicida azoxistrobina

A regulagdo transcricional do gene Mr-aox foi verificada em trés pontos distintos da
doenga Frosty Pod Rot. frutos infectados sem sintomas (estagio inicial da infeccdo), frutos em
processo de necrose (com grandes manchas necroticas nas cascas) e frutos parcialmente cobertos
por esporos de M. roreri. Dentre as trés condi¢des analisadas, o maior valor de expressdo de Mr-

aox foi verificado nos frutos necrosando e o menor valor nos frutos em que o fungo estava em

processo de esporulacdo (Figura 4).



78

&0

50

40

20

Fold change

20

10

Frut int Frad 4 Frutos com camada
rutos sem sintomas rutos necrosando de esporos

Sintomatologia dos frutos

Figura 4. Expressdo relativa do gene Mr-aox in planta em trés pontos distintos de
desenvolvimento da doenga FPR. Uma evidente inducdo deste gene (aproximadamente 50 vezes)
¢ observada em frutos necrosando.

Assim como em M. perniciosa, a inibi¢cdo da cadeia respiratoria principal pelo fungicida

azoxistrobina induziu aproximadamente cinco vezes a expressdo do gene Mr-aox (Figura 5).

Fold change

Controle Azoxistrobina

Figura 5. Expressdo relativa do gene aox de M. roreri apds tratamento com 30 mg/L de
azoxistrobina durante 4 horas. Assim como em M. perniciosa, a inibi¢do da via principal levou a
indu¢do do gene Mr-aox.
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Azoxistrobina inibe consideravelmente o crescimento de M. roreri in vitro e ¢é
potencializada pelo inibidor da AOX SHAM

Os efeitos in vitro da azoxistrobina e do SHAM sobre o crescimento de M. roreri foram
verificados e comparados com os efeitos destas drogas sobre o micélio necrotrofico de M.
perniciosa. A figura 6 mostra o padrao de crescimento dos micélios em resposta aos inibidores.
Curiosamente, em M. roreri, uma consideravel inibi¢do do crescimento deste fungo foi verificada
na presenga do inibidor azoxistrobina. Como ja observado em M. perniciosa, a combinacdo da

azoxistrobina e do SHAM inibiu completamente o crescimento de ambos 0s patogenos.

SHAM
+
Controle Azoxistrobina Azoxistrobina

M. perniciosa
(fase necrotrofica)

M. roreri

Figura 6. Padrdo de crescimento do micélio necrotrofico de M. perniciosa e do micélio de M.
roreri em resposta aos inibidores azoxistrobina (1 mg/L) e SHAM (0,75 g/L.). M. roreri mostrou-
se bastante sensivel a azoxistrobina. A adi¢do conjunta do inibidor da AOX SHAM, assim como
em M. perniciosa, inibiu completamente o crescimento deste fungo.
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DISCUSSAO

Com este trabalho, o gene codificante para a enzima oxidase alternativa do fungo M.
roreri (Mr-aox) foi caracterizado. Este gene € constituido por dez exons e nove introns e esta
presente em uma Unica copia no genoma de M. roreri (Figura 1). Uma alta similaridade da
sequéncia de nucleotideos deste gene com o gene aox de M. perniciosa foi verificada,
basicamente como consequéncia da proximidade filogenética destes fungos.

Os segmentos conservados relacionados ao sitio ativo da AOX também foram
identificados na sequéncia da enzima de M. roreri, a qual € bastante similar a sequéncia da AOX
de fungos em geral (Figura 2). Assim como em M. perniciosa, os 40 primeiros aminoacidos da
proteina correspondem ao peptideo de sinalizagdo para a mitocondria. Ensaios de consumo de
oxigénio mostraram que o gene Mr-aox codifica para uma enzima AOX funcional, cuja atividade
foi confirmada utilizando-se mitocondrias isoladas do micélio de M. roreri (Figura 3).

Apesar de estar amplamente distribuida em fungos, ainda ndo se sabe a funcdo precisa da
AOX neste grupo de organismos (Osiewacz 2002; Popov V.N. et al. 1997; Sieger et al. 2005;
Vanlerberghe & Mclntosh 1997). A funcdo mais aceita para a enzima € sua protecdo perante
condi¢des de estresse oxidativo, gerado principalmente pela inibi¢do da cadeia respiratoria
principal e associado ao consequente aumento da producdo de EROs na mitocondria (Rasmusson,
Fernie, & van Dongen 2009; Vanlerberghe et al. 2009). Além disso, a AOX também permite que
a producdo de energia ndo seja totalmente bloqueada perante a inibi¢cdo da via principal, uma vez
que o complexo I pode permanecer ativo e contribuir para a sintese de ATP (Berthold,

Andersson, & Nordlund 2000; Maxwell, Wang, & Mclntosh 1999; Vanlerberghe et al. 2009).
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Deste modo, nestas condi¢des, a AOX atua como um mecanismo chave de prote¢do dos
organismos (Popov V.N. et al. 1997).

Assim como verificado em M. perniciosa, o gene aox de M. roreri ¢ regulado de acordo
com os estdgios de desenvolvimento da doenga no cacaueiro. Portanto, a AOX pode ser
importante na adaptagdo deste fungo as condi¢des ambientais adversas que provavelmente estdo
presentes durante a infeccdo. A expressio de Mr-aox foi consideravelmente elevada
(aproximadamente 50 vezes) nos frutos em processo de necrose, sugerindo a existéncia de um
ambiente extremamente oxidativo nesta fase da doenga. Além disso, durante o processo de
esporulagdo do fungo, Mr-aox apresentou um valor de expressdo consideravelmente baixo em
relacdo as demais condigdes, possivelmente como consequéncia da alta demanda energética deste
processo e auséncia de estresse oxidativo nesta etapa da doenga (Figura 4).

Nos ultimos anos, a importancia da AOX na resisténcia aos fungicidas a base de
inibidores da cadeia respiratoria principal (estrobilurinas) levantou grande interesse da
comunidade cientifica e sua caracterizacdo em fungos fitopatogénicos comegou a ser amplamente
realizada (Joseph-Horne et al. 2001). A analise de expressdo génica mostrou que o gene aox de
M. roreri responde a inibi¢do do complexo III pelo fungicida azoxistrobina, confirmando sua
regulacdo em resposta a inibi¢cdo da cadeia respiratoria principal e sugerindo uma participagdo da
enzima como mecanismo de resisténcia a esta classe de drogas em M. roreri (Figura 5). De
maneira similar, Yukioka e colaboradores (1998) verificaram uma indu¢do acentuada do gene
aox de Manaporthe grisea apds tratamento com o fungicida SSF-126, o qual também age
inibindo o complexo III da via principal (Yukioka et al. 1998). Nestas situagdes, a AOX atua

minimizando a toxicidade dessas drogas através da reducdo dos niveis de ubiquinona reduzida
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gerados como consequéncia da inibicdo da via principal, permitindo assim a manuten¢do da
integridade celular (Rasmusson et al. 2009).

Apesar da indugdo de Mr-aox no micélio tratado com o fungicida, observou-se que M.
roreri apresentou grande sensibilidade a azoxistrobina (Figura 6). Deste modo, é possivel que a
ativagdo da AOX em M. roreri ndo seja suficiente para contornar os efeitos toxicos da inibi¢do da
cadeia respiratoria principal pela azoxistrobina. Estes resultados também sugeririam uma menor
capacidade de M. roreri lidar com situa¢des de estresse oxidativo, considerando-se mecanismos
além da AOX. Finalmente, como ja verificado para M. perniciosa, a adi¢do conjunta do fungicida
com o inibidor da AOX SHAM inibiu completamente o desenvolvimento de M. roreri (Figura 6).
Acredita-se assim que o desenvolvimento de uma composi¢do fungicida que combine os efeitos
de um inibidor da via principal com um inibidor da via alternativa seja uma solugdo para

controlar este importante patégeno que afeta o cacaueiro.
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CONCLUSOES GERAIS

1. Fortes evidéncias foram identificadas apontando para uma participagdo central da AOX no
desenvolvimento da fase biotrofica como também no processo de transicdo de fase do

fitopatdgeno M. perniciosa.

2. A AOX provavelmente tem participagdo no desenvolvimento do fungo M. roreri,
particularmente no estagio em que o patdégeno coloniza o fruto em processo de necrose e

supostamente sob intenso estresse oxidativo.

3. Uma importante participagdo da AOX como mecanismo de resisténcia aos fungicidas a base

de estrobilurinas foi verificada, tanto em M. perniciosa como em M. roreri.

4. Os resultados apontam para a AOX como um alvo em potencial para o desenvolvimento de
novos fungicidas capazes de inibir seletivamente o desenvolvimento dos fungos M.
perniciosa € M. roreri e, consequentemente, controlar eficientemente as importantes doencas

fungicas do cacaueiro: Vassoura de bruxa e Frosty Pod Rot.
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PERSPECTIVAS

Este trabalho permitiu a identificagdo de um alvo em potencial para controle das doengas
Vassoura de bruxa e Frosty Pod Rot do cacaueiro. Em parceria com o Instituto de Quimica
Orgéanica da UNICAMP e sob coordenagdo do Prof. Ronaldo Pilli (processo FAPESP
2010/07864-2), iniciou-se um trabalho visando o desenvolvimento de um novo composto para
controle da Vassoura de bruxa e da doenca Frosty Pod Rot. Este composto vem sendo
desenvolvido com base nas propriedades fungicidas das estrobilurinas e dos inibidores da AOX
SHAM e n-propil galato. Se eficaz, a nova droga sera protegida através de pedido de patente.

Como suporte para este trabalho, a resolu¢do de estrutura da AOX sera resolvida, sendo
de grande relevancia para o planejamento das drogas que vem sendo desenvolvidas para inibi¢édo
da enzima. Este trabalho serd supervisionado pela Dra. Sandra Dias, do Laboratorio Nacional de
Biociéncias/Sincrontron que vem trabalhando ativamente na cristalizagdo de outras proteinas do
fungo M. perniciosa, de modo que quatro novas estruturas ja foram resolvidas. Além de
direcionar o planejamento de inibidores para controle da doenca, esta sera a segunda estrutura da
enzima oxidase alternativa resolvida at¢ o momento. Tal fato torna este trabalho ainda mais
relevante, pois novos conhecimentos acerca do modo de acdo da AOX também poderdo ser
obtidos.

Finalmente, a Dra. Gisele Monteiro da faculdade de Ciéncias Farmacéuticas da USP
(Universidade Estadual de Sdo Paulo) realizara a expressdo heterdloga da enzima AOX de M.
perniciosa em S. cerevisiae, visando estudar as possivels alteragdes metabolicas decorrentes da

presenca desta enzima na levedura, como também obter um modelo para teste de drogas.
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ANEXO A: O processo de senescéncia em Moniliophthora perniciosa

INTRODUCAO

A mitocondria prové grande parte da energia para a célula, no entanto ¢ também uma
importante fonte de producdo de espécies reativas de oxigénio (EROs). Devido a alta reatividade
destas moléculas, a mitocondria é também o principal alvo do estresse oxidativo gerado e,
consequentemente, ¢ um elemento bastante relevante na determinagdo do tempo de sobrevivéncia
de alguns fungos (Gredilla, Grief, & Osiewacz 2006).

O ascomiceto Podospora anserina ¢ um fungo filamentoso, que, apos certo periodo de
crescimento, apresenta mudangas importantes no seu aspecto micelial e também na taxa de
crescimento das hifas, culminando com a morte do micélio (Rizet 1957). Este processo de
envelhecimento, conhecido como senescéncia, ndo ¢ comum em fungos, pois, de modo geral, eles
sdo capazes de crescer indefinidamente.

A senescéncia, entre outros sintomas, € caracterizada basicamente pela diminui¢do
progressiva da taxa de elongagdo das extremidades da hifa (até a sua morte), pela producédo de um
pigmento escuro pelo micélio e pelo aparecimento de defeitos respiratorios (Rizet 1957). Este
processo foi inicialmente descrito por Rizet (1957), que observou que micélios provenientes de
um unico esporo sexual de P. anserina expandem a uma taxa constante até atingir um tempo
critico de vida. A partir dai, os micélios passam por um periodo de diminui¢do progressiva do
crescimento que culmina com a morte da hifa (Rizet 1957).

A fung¢@o mitocondrial parece ter um importante papel neste processo e uma forte ligagdo
entre o “tipo de respiracdo” e a longevidade do organismo ¢é observada. Os defeitos respiratorios

sdo uma consequéncia do elevado acimulo de mutacdes nos genes mitocondriais codificantes
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para as subunidades dos complexos respiratorios da via principal durante a vida do organismo.
Este elevado acimulo de mutagdes se deve as caracteristicas do sistema de reparo mitocondrial,
que ¢ pouco eficiente, bem como a auséncia de um envoltorio de protecdo do DNA mitocondrial.
Assim, o DNA mitocondrial se torna mais vulneravel aos danos ocasionados pelas EROs ali
produzidas (Osiewacz 2002a; Osiewacz 2002¢).

Em 1956, Pittenger relatou que o micélio de um mutante de Neurospora crassa que
apresentava o fenotipo senescente era deficiente para os citocromos a e b (constituintes do
complexo III da cadeia respiratdria principal) e também ndo possuia atividade da citocromo ¢
oxidase (complexo IV) (Pittenger 1956). Além do aparecimento de defeitos respiratérios durante
a progressdo da senescéncia, verifica-se uma mudanga do tipo de respiracdo das culturas
miceliais que passam de uma respiragdo citocromo-dependente, sensivel ao cianeto, para uma
respiragdo insensivel ao cianeto, cuja principal enzima ¢ a AOX. Em fungos, acredita-se que a
indugdo desta enzima ocorra principalmente como uma resposta a bloqueios genéticos (mutagdes
nos genes codificantes para as subunidades dos complexos respiratorios) ou quimicos na cadeia
de transporte de elétrons principal. Deste modo, o aparecimento de niveis elevados de atividade

da oxidase alternativa pode ser um importante indicador de disfun¢do mitochondrial (Bertrand

2000).
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MATERIAL E METODOS

Material biolégico e condi¢cdes de crescimento

Utilizou-se o isolado FA553 de M. perniciosa coletado em Ilhéus, Bahia, o qual apresenta
patogenicidade a plantas de cacau suscetiveis.

Em nosso laboratorio, temos culturas do isolado FA553 nas fases necrotrofica em estagio
inicial de crescimento (novo) e necrotrofica em processo de senescéncia. O micélio necrotrofico
em fase inicial de crescimento foi obtido a partir da germina¢do de um esporo em meio rico em
nutrientes (MYEA). A germinacdo dos esporos neste meio ¢ acompanhada por rapida mudanca
do micélio para a fase necrotrofica. O crescimento deste micélio recém-germinado (em estagio
inicial de crescimento) € relativamente rapido e ele € caracterizado pelo predominio de hifas
acreas (Figura 1A). Apos sucessivas repicagens, o micélio parece atingir o tempo critico de vida
(como descrito em P. anserina) e comeg¢a a apresentar sintomas de crescimento irregular,

secre¢do de um pigmento escuro e reducdo da taxa de crescimento (Figura 1B).

Figura 1. Aspecto morfologico do micélio necrotrofico de M. perniciosa (A) Micélio em estagio
inicial de crescimento, apresentando predominio de hifas aéreas e (B) micélio em processo de
senescéncia, com poucas hifas aéreas e crescimento ondulado do micélio, caracteristico de
micélio senescente (seta).
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Comparacio da expressio do gene Mp-aox nos micélios em estagio inicial de
desenvolvimento e senescente

A andlise da expressio do gene Mp-aox nos micélio em estdgio inicial de
desenvolvimento e senescente foi realizada através de ensaios de northern blot. Para isto, o RNA
total foi extraido através do método do fenol quente. Este RNA foi em seguida quantificado e as
amostras desnaturadas foram fracionadas por tamanho em gel denaturante de agarose (1%)
segundo protocolo padrdo (Sambrook & Russell 2001). Apds o fracionamento, as amostras
contidas no gel foram transferidas a membrana carregada (Hybond N+, Amersham — GE
Healthcare Life Sciences) por transferéncia em solugéo salina SSC (cloreto de sodio 3M, citrato de
sodio 0,3M), segundo protocolo descrito por Sambrook (Sambrook et al. 2001). Para ligagdo
covalente do RNA a membrana, esta foi incubada por 2 horas a 80°C.

A sonda foi preparada utilizando-se como molde um fragmento de 1000 pb
correspondente ao gene Mp-aox marcado com ATP** (> 3000 ci, Amersham — GE Healthcare
Life Sciences), de acordo com a técnica de hexaoligonucletidio aleatorio (Feinberg & Vogelstein
1983). Apos purificagdo da sonda marcada, esta foi desnaturada e adicionada a solucdo de pré-
hibridizacdo. O sistema permaneceu a 43°C overnight sob rotacdo constante no forno de
hibridizacdo. Apos as lavagens, a membrana foi exposta a uma auto-radiografia em filme IBF—

Medix, durante dois dias a -70°C.

Comparacio das taxas de crescimentos dos micélios necrotroficos em fase inicial de
desenvolvimento e senescente de M. perniciosa
O crescimento dos micélios necrotroficos de M. perniciosa em fase inicial de

desenvolvimento e senescente foi realizado em “tubos de corrida” (tubos de vidro de 60 cm de
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comprimento ¢ 16 mm de didmetro). Para isto, foram adicionados aos tubos, em posi¢do
horizontal, 30 ml de meio MYEA para forma¢do de uma fina camada de agar sobre a qual o
fungo se desenvolveu. Um plug de cada micélio (em fase inicial de crescimento e senescente)
com 4rea aproximada de 0,25 cm? foi inoculado no seu respectivo tubo. O crescimento dos
fungos foi medido semanalmente, sendo acompanhado de registros fotograficos para destacar as
diferengas morfoldgicas entre os micélios. Este tipo de experimento utilizando-se tubos de
corrida ¢ bastante utilizado para estudos dos ritmos circadianos em Neurospora crassa (Kramer
2007) e foi adaptado para se avaliar possiveis diferengas nos padroes de crescimento entre os

diferentes estagios de crescimento de M. perniciosa.



92

RESULTADOS E DISCUSSAO

O processo de senescéncia em M. perniciosa

O isolado FA553 de M. perniciosa apresenta mudangas nas suas caracteristicas
morfoldgicas e metabdlicas ao longo de repicagens sucessivas. Estas mudangas envolvem
alteragdes relacionadas ao perfil de expressdo génica (dados ndo mostrados) como também a
morfologia micelial (Figura 1). Dentre as alteragdes genéticas do micélio senescente de M.
perniciosa verificou-se o aumento da expressdo do gene aox em relagdo ao fungo em estagio
inicial de desenvolvimento. Adicionalmente, observou-se a diminui¢do ou mesmo estagnag¢do do
crescimento do micélio senescente como também a produgdo de uma pigmentagdo escura. Estas
caracteristicas evidenciam um fendémeno que vem sendo bastante discutido em fungos, o processo
de senescéncia. Para melhor relatar esta observacdo, os micélios, novo e senescente, foram
inoculados em tubos de corrida e o comprimento do micélio foi medido de sete em sete dias
aproximadamente. As diferencas na taxa de crescimento dos micélios novo e senescente foram
confirmadas, como também se observou, durante este intervalo de meses, o processo de

envelhecimento do micélio inicialmente caracterizado como novo (Figuras 2 e 3).
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Figura 2. Comparacdo das diferengas de crescimento dos micélios necrotrofico em estagio inicial
de crescimento (novo) e senescente. Observa-se que o fungo senescente apresenta estagnacdo
precoce do crescimento, anterior ao fungo novo. Este por sua vez, apds algum tempo, também
inicia o processo de envelhecimento, apresentando diminui¢do da taxa de crescimento com
tendéncia a estagnacdo. SD= +/-0,5mm

Figura 3. Diferengas de crescimento entre os micélios em estdgio inicial de crescimento (N) e
senescente (S). Vistas superior (A) e inferior do tubo (B). Adicionalmente as mudancgas na taxa
de crescimento, observa-se também a pigmentacdo do micélio senescente (B), a qual ¢
caracteristica do processo de senescéncia.

A pigmentagdo do micélio senescente pode estar relacionada a produgdo de lipofuscina
pelo fungo, um pigmento associado a prote¢do contra estresse oxidativo (Silar, Lalucque, &
Vierny 2001). Estudos mostram que o acumulo deste pigmento esta fortemente vinculado a uma
maior producdo de EROs no organismo, a qual também esta diretamente ligada ao processo de
envelhecimento. Osiewacz (2002) relatou a importante relagdo entre a producdo mitocondrial de
EROs e o processo de envelhecimento. Observou-se que em mitocondrias de organismos jovens
somente pequenas quantidades de EROs sdo produzidas. No entanto, com o envelhecimento, os
genes que codificam para as proteinas dos complexos protéicos mitocondriais acumulam

mutagdes progressivas e, consequentemente, muitas dessas proteinas por eles codificadas perdem

sua funcionalidade (Osiewacz 2002b; Osiewacz 2002c). Desta forma, hda um aumento da
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produ¢do de EROs, os quais podem causar muitos danos a célula. Neste contexto, a AOX seria
fundamental, atuando como uma via de escape e contribuindo para o aumento da longevidade do
organismo. Como observado nos ensaios de northern blot, a expressdao do gene aox mostrou-se
aumentada no micélio senescente de M. perniciosa (Figura 4). Deste modo, considerando esta
maior participacdo da AOX neste micélio, a ocorréncia de diminui¢do da taxa de crescimento do
micélio ¢ esperada, uma vez que a atividade da enzima ndo contribui para a formagdo do
gradiente eletroquimico, reduzindo assim a sintese de ATP (Joseph-Horne, Hollomon, & Wood

2001),

RNA ribossomal

Mp-aox

Figura 4. Expressdo do gene Mp-aox no micélio em estagio inicial de crescimento (1) e
senescente (2). O nivel de expressdo do gene Mp-aox foi normalizado pelas bandas de rRNA
visualizadas pelo brometo de etideo em gel de agarose.
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ANEXO B: Compara¢io do genoma mitocondrial dos patégenos do cacaueiro
Moniliophthora perniciosa e Moniliophthora roreri
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INTRODUCAO

Moniliophthora roreri e Moniliophthora perniciosa sdo basidiomicetos hemibiotrofcos,
agentes etiologicos de duas das mais importantes doengas fungicas do cacaueiro: a doenga Frosty
Pod Rot e a Vassoura de bruxa, respectivamente (Aime & Phillips-Mora 2005). Ambas as
doengas representam uma ameaga para a produgdo de cacau mundial e a sua disseminagdo
continua tem preocupado a industria chocolateira de todo o mundo (Evans 2007).

O genoma mitocondrial, o qual ¢ um vestigio de um ancestral de proteobactéria
endosimbionte (Gray, Burger, & Lang 1999), pode evoluir mais rapidamente e de forma
independente do genoma nuclear (Burger, Gray, & Lang 2003). Em vista desta independéncia
evolutiva, o numero de genes pode flutuar bastante entre espécies, com uma variagdo de 3 a 67
para genes codificantes de proteinas e de 0 a 27 para tRNAs (Adams & Palmer 2003). Genes que
codificam proteinas relacionadas a processos celulares vitais foram conservados ao longo da
evolucdo e sdo amplamente empregados em estudos filogenéticos entre espécies. Por outro lado,
ha uma diversidade impressionante na organizacdo e expressdo dos demais genes e regides

intergénicas, que pode revelar detalhes de eventos recentes de especiacdo. (Bullerwell, Forget, &
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Lang 2003; Bullerwell & Lang 2005; Burger et al. 2003). Diferencas de tamanho encontradas
entre muitos genomas mitocondriais sdo comumente detectadas e, em geral, ndo estdo
relacionadas ao conteudo génico, de modo que os genes relacionados aos processos de
fosforilagdo oxidativa sdo extremamente conservados. Tem se observado que esta variagcdo de
tamanho ¢ atribuida a varia¢cdes no tamanho de introns e regides intergénicas ou a presenga de
plasmideos integrados (Formighieri et al. 2008; Lang, Laforest, & Burger 2007). Deste modo, a
caracterizacdo e comparacdo da estrutura de genomas mitocondriais € central para entender a
evolucdo deste genoma e sua possivel participagdo em processos de especiacdo. Considerando
esta importancia, o nimero de genomas de mtDNA analisados e sequenciados tem aumentado
consideravelmente (Formighieri et al. 2008).

Em fungos, o genoma mitocondrial ¢ bastante diversificado, variando em tamanho e
topologia (linear ou circular) (Clark-Walker 1992; Gray et al. 1999). Até o momento, o maior
genoma mitocondrial de basidiomicetos sequenciado pertence a M. perniciosa, com um total de
109,103 pb. Este grande tamanho parece estar associado a presenga de longas regides
intergénicas ¢ a um plasmideo linear integrado de forma estavel no genoma do fungo
(Formighieri et al. 2008).

O presente trabalho ¢ uma analise comparativa do genoma mitocondrial de M. roreri em
relacdo a M. perniciosa, em que serdo descritos organizacdo da sequéncia gendmica e ordem e
conteudo geénicos. Uma comparagdo inicial do genoma mitocondrial destes patogenos mostrou
semelhangas entre eles, como esperado pela proximidade filogenética destas espécies: ambos os
genomas sdo altamente sinténicos, sdo muito similares em conteudo GC, codon usage e posi¢ado
dos tRNAs. No entanto, existem diferencas marcantes que envolvem principalmente a estrutura

dos genomas, incluindo a existéncia de regides repetitivas e um plasmideo integrado em M.



98

perniciosa e a presenga de trés plasmideos lineares extracromossomais em M. roreri. Este
trabalho analisa e discute as diferentes fungdes que esses elementos mitocondriais podem ter na

biologia e ao longo do processo de evolucdo destes patdgenos.
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MATERIAL E METODOS

Observacio: Os experimentos apresentados envolvem apenas aqueles que foram realizados pela

aluna.

Isolados e condicdes de crescimento de M. roreri

Os experimentos foram realizados com o isolado de M. roreri MAC2977, o qual ¢
mantido em meio PDA contendo 39g/L. de Potato Dextrose Agar (Difco). Para a realiza¢do dos
experimentos, o micélio foi crescido em meio com baixo conteido de carboidratos — 1,7 g/L. de
malt extract broth (Difco), 5 g/ de extrato de levedura, 50 ml/L de glicerol. As culturas
permaneceram sob agitacdo constante de 120 rpm e a temperatura de 28°C. Apds sete dias de
crescimento, o micélio foi coletado para extracdo de RNA e DNA gendmico como também para

o isolamento de mitocdndrias.

Extracdo de DNA genomico total de M. roreri
A extracdo de DNA genomico foi realizada de acordo com o método CTAB descrito por
Sambrook (Sambrook & Russell 2001) e a integridade do DNA foi verificada através de

eletroforese em gel de agarose 1,0%.

Eletroforese em gel de campo pulsado (CHEF-Gel Electrophoresis)
Plugs das mitocondrias purificadas de M. roreri € M. perniciosa foram preparados e

submetidos a eletroforese em gel de campo pulsado para confirmar a presenca de trés plasmideos
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mitocondriais encontrados em M. roreri através de analises de bioinformatica. O isolamento de
mitocondrias foi realizado segundo a metodologia descrita por Gredilla (Gredilla, Grief, &
Osiewacz 2006). A preparagdo dos plugs foi realizada de acordo com Orbach (Orbach et al.
1988). Brevemente, a suspensdo de mitocondrias foi misturada com um volume igual de uma
solugdo contendo sorbitol 1M, EDTA 50 mM, pH 8.0, Low-Melting Point Agarose — BioRAD
1,0% e esta mistura foi transferida para os moldes. Apds a polimerizagdo, os plugs formados
foram colocados em 4 ml de tampao NDS contendo Tris-HCl 10 mM, EDTA 0,5 M, N-
laurosylsarcosine 1%, pH 9, 5 e 2 mg/ml de proteinase K. Os plugs foram mantidos a 4°C durante
48 horas. A solucdo de NDS foi entdo removida e os plugs foram lavados trés vezes com 0.5 M
de EDTA, pH 8.,0. Para a confec¢do do gel, utilizou-se 1,0% de agarose Fast Lane (Cambrex) em
0,5x de tampdo TBE (45 mM Tris-Borato, SmM EDTA). Os marcadores moleculares e os plugs
contendo as mitocondrias foram colocados nos pogos do gel e selados com agarose (1.0%). Os
parametros de corrida foram: temperatura de 11, 5°C, velocidade de 5.0 V/cm e o tempo total de
corrida foi de 18 horas, com pulsos de intervalo progressivo aumentando de 1 a 70 segundos.
Finalmente, o gel foi corado com o corante SYBR Green durante 2 horas e o resultado foi
documentado com o escaner Typhoon Laser Scanner 9410 (Amersham GE Healthcare Life

Sciences).

Reverse transcription-PCR

RNA total de M. roreri foi extraido utilizando-se o kit RNeasy Plant Mini kit (Qiagen). O
RNA foi entdo tratado com a enzima DNAse I Amplification Grade (Invitrogen) de acordo com as
instrucdes do fabricante € o ¢cDNA foi sintetizado com o kit SuperScript® VILO™ cDNA

Synthesis kit (Invitrogen). As reagdes de PCR foram realizadas com 100 ng de cDNA e 5 pmol de
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primers em uma reagdo de 20 pl. A sequéncia dos primers utilizados para amplificagdo das

polimerases dos plasmideos ¢ mostrada na Tabela 1.

Tabela 1: Primers para os ensaios de RT-PCR (Reverse Transcription-Polymerase Chain

Reaction)

Organismo Gene Codigo 5’ primer 3’ primer

M. roreri gﬂﬁf"hmerage Mrl-rpo | GATTGCTTCGCAGTAACTCCT AATTTAATTCCTTTCCATCAA

M. roreri gﬂﬁz""hmera“ Mr2-rpo | CCTATCTATTGAGAAACTCCAAG | TGAATAAAATTAGGCATTAAACC
M. roreri gﬂﬁf"hmerage Mr3-rpo | CCAATGACATGAATAACTCC TGAGTTGCATCTAGTGAGT

M. roreri pDﬁﬁlpd‘merase Mrl-dpoB | AAAAGAAATTTGCCAGGAAC ATAAATTTTTCCGCCCTTAC

M. roreri Eﬂﬁzp"hmerase Mr2-dpoB %GAAGGTATAAATATTGAAAA AATCAAATCGGATTAGCTCT

M. roreri | DNApolimerase | .5 0 p | GCCAACAAATTCTGATGAGG TCACTTCCAATAAATTTGGATTC

pMR3

*Todas as sequéncias de primers estdo na dire¢do 5’3’
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RESULTADOS

M. roreri possui trés plasmideos lineares extracromossomais

O DNA mitocondrial de M. roreri foi sequenciado como parte do projeto genoma de M.
roreri USDA-ARS (www.lge.ibi.unicamp.br/roreri). Diferentemente de M. perniciosa
(Formighieri et al. 2008), ndo se verificou a presenca de um plasmideo integrado no genoma
mitocondrial de M. roreri. No entanto, trés contigs independentes com baixo contetido GC, com
tamanho aproximado de 9 kb e similaridade com outros plasmideos mitocondriais de fungos
foram formados. Cada um destes contigs apresentou a sequéncia génica de uma RNA polimerase
e uma DNA polimerase do tipo B (7po e dpoB) com orientagdes opostas, estrutura de organizagéo
tipica em plasmideos mitocondriais do tipo invertron. Paralelamente as andlises de
bioinformatica, um fragmento de aproximadamente 9 kb foi visualizado quando o DNA
gendmico de M. roreri foi extraido e analisado em gel de agarose (Figura 1A). Especulou-se que
a banda adicional observada poderia corresponder aos plasmideos extra-cromossomais
encontrados pelas analises de bioinformatica. Para confirmar a presenga desses trés plasmideos, a
mitocOndria de M. roreri foi 1solada e submetida a eletroforese em gel de campo pulsado (CHEF
gel Electrophoresis). De fato, trés fragmentos com tamanhos variando entre 9 e 11 kb foram
identificados nas amostras correspondentes as mitocondrias de M. roreri, mas ndo de M.
perniciosa (Figura 1B). Estes fragmentos provavelmente correspondem aos trés plasmideos
lineares preditos pelas analises computacionais como também a banda de 9kb presente nas

amostras de DNA gendmico de M. roreri e foram denominados pMR1, pMR2 e pMR3.
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Figura 1. Confirmacdo experimental da presenca dos plasmideos mitocondriais de M. roreri. A)
Gel de DNA gendmico de M. perniciosa ¢ M. roreri. Verifica-se uma banda adicional na
amostra de M. roreri que possui aproximadamente 9 kb. B) CHEF-Gel de mitocdndrias isoladas
de M. perniciosa e M. roreri. Verificou-se a presenga de trés bandas adicionais na amostra de M.
roreri que provavelmente correspondem aos trés plasmideos extracromossomais preditos pelas
analises de bioinformatica. Mr — M. roreri; Mp — M. perniciosa; gDNA — DNA gendmico
As analises de bioinformatica mostraram que o plasmideo pMR1 possui aproximadamente
9.7 kb e repeticdes terminais invertidas (TIR, terminal inverted repeats) de 208 pb. Este
plasmideo apresentou alta similaridade (e-value < e-100) com plasmideos mitocondriais dos
fungos Podospora anserina (pAL2-1), Blumeria graminis (pBgh), Fusarium proliferatum (pFP1)
e Claviceps purpurea (pCIK1). Ja4 o plasmideo pMR2 tem tamanho de 11.5 kb e apresenta
sequéncias TIR de 58 pb. Este plasmideo possui similaridade a plasmideos mitocondriais de
Pleurotus ostreatus (mlpl), Flammulina velutipes (pFV2) e Hebeloma circinans (pHC2).

Finalmente, o plasmideo pMR3 tem 10.09 kb e sequéncias TIR de 29 pb foram identificadas.

Este plasmideo apresentou similaridade ao plasmideo mitocondrial integrado de M. perniciosa e
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aos plasmideos mitocondriais de P. ostreatus (pMLP2), F. velutipes (pFV1), Neurospora

intermedia (pKALILO) e Gelasinospora sp. G114 (Gel-kal).

Transcri¢cao das polimerases plasmidiais de M. roreri

Com o objetivo de se verificar se as polimerases dos plasmideos identificados so
transcritas e, portanto, se esses plasmideos sdo ativos e possivelmente funcionais, o RNA de M.
roreri foi extraido e o cDNA sintetizado. Transcritos de todas as RNA e DNA polimerases foram
identificados indicando que esses plasmideos possivelmente t€ém participacdo no metabolismo

deste fungo (Figura 2).

i olm

i

Figura 2. Ensaio semi-quantitativo (RT-PCR) mostrando a presenga de transcritos de todas as
polimerases plasmidiais de M. roreri. rpol, rpo2 e rpo3: RNA polimerases; dpoBl, dpoB2 e
dpoB3: DNA polimerases.
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DISCUSSAO

Duas importantes variagdes estruturais diferem o genoma mitocondrial de M. roreri e M.
perniciosa, como: a presenca de um plasmideo integrado (Formighieri et al. 2008) e grande
abundancia de sequéncias repetitivas (dados ndo mostrados) em M. perniciosa; e a existéncia de
trés plasmideos lineares extracromossomais em M. roreri. Acredita-se que estas diferengas
encontradas tém relacdo com caracteristicas exclusivas de cada fungo.

A fungdo do plasmideo mitocondrial de M. perniciosa foi previamente discutida por
Formighieri (Formighieri et al. 2008) e sua presenga foi relacionada ao processo de senescéncia
sugerido para este fungo. Especula-se que as sequéncias repetitivas encontradas no genoma de M.
perniciosa também possam ter relagdo com este processo. Isto porque, estas sequéncias sdo
consideradas elementos de instabilidade em potencial do mtDNA, podendo gerar severos
rearranjos e prejudicar a funcionalidade de importantes genes mitocondriais (Chomyn & Attardi
2003).

Os plasmideos extracromossomais de M. roreri estdo provavelmente ativos e funcionais,
uma vez que transcritos das seis polimerases plasmidiais (trés RNA polimerases e trés DNA
polimerases) foram identificados (Figura 2). Além disso, também foi encontrado um EST na
biblioteca de transcriptoma da interacdo M. roreri—T. cacao correspondente a uma regido do
plasmideo pMR1 (dado ndo mostrado). De modo geral, a presenca de plasmideos lineares na
mitocondria de fungos tem sido relacionada a mutagdes severas do genoma, uma vez que estes
elementos moveis podem integrar e desintegrar do mtDNA (Griffiths 1995). Por se inserirem
aleatoriamente no genoma mitocondrial, podem prejudicar a funcionalidade de genes importantes
da cadeia respiratdria, levando ao desenvolvimento de fendmenos especificos, como o processo

de senescéncia. No entanto, em M. roreri nenhum indicio de ocorréncia deste processo foi
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verificado e, portanto, especula-se que esses elementos tenham outras fungdes na biologia e
desenvolvimento deste patogeno.

Uma funcdo interessante reportada para plasmideos mitocondriais foi descrita em
Fusarium solani. Neste fungo, uma relagdo entre a preseng¢a desses plasmideos lineares e o
desenvolvimento de patogenicidade foi verificada, de modo que a remog¢do do plasmideo
implicou em consideravel reducdo da viruléncia do organismo (Samac & Leong 1988). Também,
uma relacdo de plasmideos mitocondriais com a adaptabilidade do organismo a variagdes
ambientais ¢ sugerida. Uma vez que estes elementos sdo agentes mutagénicos em potencial e
fornecem grande flexibilidade gendmica, especula-se que eles possam estar atuando como uma
fonte importante de variabilidade (Griffiths 1995), conferindo ao organismo que os possui uma
maior plasticidade para sobreviver perante as adversidades ambientais.

Apesar da grande proximidade filogenética de M. roreri ¢ M. perniciosa, estas espécies
diferem em importantes aspectos ao longo do seu desenvolvimento e ciclo de vida. Deste modo, é
possivel que os plasmideos mitocondriais possam estar relacionados a diferengas importantes
entre estes dois fungos, conferindo adaptagdes especificas e evolutivamente significantes aos

patogenos.
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Abstract Oxalic acid has been shown as a virulence factor
for some phytopathogenic fungi, removing calcium from
pectin and favoring plant cell wall degradation. Recently, it
was published that calcium oxalate accumulates in infected
cacao tissues during the progression of Witches’ Broom
disease (WBD). In the present work we report that the
hemibiotrophic basidiomycete Moniliophthora perniciosa,
the causal agent of WBD, produces calcium oxalate crystals.
These crystals were initially observed by polarized light
microscopy of hyphae growing on a glass slide, apparently
being secreted from the cells. The analysis was refined by
Scanning electron microscopy and the compositon of the
crystals was confirmed by energy-dispersive x-ray spec-
trometry. The production of oxalate by M. perniciosa was
reinforced by the identification of a putative gene coding for
oxaloacetate acetylhydrolase, which catalyzes the hydroly-
sis of oxaloacetate to oxalate and acetate. This gene was
shown to be expressed in the biotrophic-like mycelia, which
in planta occupy the intercellular middle-lamella space, a
region filled with pectin. Taken together, our results suggest
that oxalate production by M. perniciosa may play a role in
the WBD pathogenesis mechanism.
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Introduction

Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora
(Agaricales, Marasmiaceae; formerly Crinipellis pernici-
osa [Stahel] Singer) is the causal agent of witches’ broom
disease (WBD), one of the most important phytosanitary
problems of cacao (Theobroma cacao L.) in the Americas
[25, 29]. This fungus is believed to have originated in the
Amazon basin and it is known to infect five families of
dicotyledons, including Malvaceae and Solanaceae [8, 14,
25].

The biology of the M. perniciosa-cacao interaction is
complex and has only recently been studied at the molec-
ular level: a genome project for the fungus produced a draft
sequence with twofold coverage (http://www.lge.ibi.
unicamp.br/vassoura; work in progress). M. perniciosa
exhibits a hemibiotrophic life cycle that parallels the
symptoms in the plant. A monokaryotic biotrophic myce-
lium, without clamp connections, is formed after
basiodiospore germination and infects flower cushions,
developing fruit, and vegetative flushes. In the latter case,
the infection causes hypertrophy, hyperplasia, and loss of
apical dominance, producing a characteristic green broom
structure [8, 9]. Remarkably, despite these symptoms, the
biotrophic hyphae are found at low density [24] and do not
produce haustoria, only occupying the apoplastic space and
showing slow growth [3]. We have recently demonstrated
that a biotrophic-like mycelia can be kept in vitro by
growing spores under nutrient starvation and providing
glycerol as a unique carbon source [27]. Therefore, the low
nutrient concentration present in apoplast may be the key
for the biotrophic phase. Moreover, during this phase, the
infected tissue seems to be under intense oxidative stress,
which is indicated by the increase in lipid peroxidation
[27]. One possible reason for the existence of this oxidative
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situation is the production of hydrogen peroxide by the
enzymatic degradation of calcium oxalate crystals (COCs)
present in infected plants, which seems to increase during
the progression of the disease [3].

During the second (saprotrophic) phase of the life cycle,
infected plant tissues become necrotic, forming dry
brooms, and the fungus acquires some distinctive features
such as the presence of a dikaryotic saprotrophic/necro-
trophic mycelium, showing clamp connections [5, 29]. In
contrast to the biotrophic hyphae, the saprotrophic myce-
lium grows vigorously, quickly colonizing the infected
plant tissue. Elucidating the mechanisms responsible for
the change from the biotrophic to the saprotrophic/necro-
trophic phase of the fungus and understanding whether the
death of the infected cacao tissue is a consequence or
precedes this change in mycelial morphology and physi-
ology is a central question that remains to be answered.

Calcium oxalate is a common constituent of plant cells
and its oxidation is involved in plant defense [10]. Inter-
estingly, some pathogens, like Sclerotinia sclerotiorum,
secrete oxalic acid, which seems to have a role in removing
calcium ions bound to host cell wall pectins, thus exposing
these structures to enzymes produced by the fungus [7]. In
addition, it favors plant cell degradation by shifting the pH
of infected plant tissues close to the optimum for cell wall-
degrading enzymes such as polygalacturonases, as dem-
onstrated with the basidiomycete Athelia rolfsii (formerly
Sclerotium rolfsii) [2]. Finally, oxalic acid inhibits stomatal
closure at night, first, by stimulating accumulation of
potassium and starch hydrolysis in guard cells and, second,
by disrupting the ABA-dependent process in plants infec-
ted with Sclerotinia sclerotiorum [4]. Since the
basidiospores of M. perniciosa are sensitive to UV radia-
tion and invade plants through stomata at night [25], the
production of oxalic acid by their hyphae could help in the
infection process.

In this work, we show that in vitro mycelia of M. per-
niciosa produces COCs, indicating that this compound may
play a role in WBD.

Materials and Methods
Fungal Strain and Growth Conditions

The strain used in this work was FAS553, a pure culture
derived from spores of the isolate CP02 [11, 26]. Twenty
samples of necrotrophic mycelium of this strain were
separately inoculated in 300 pl of MYEA medium [21].
The medium was dropped onto one end of common glass
slides, which were maintained under sterile conditions on a
2% agar-water layer inside a petri dish, sealed with Para-
film (Pechiney Plastic Packaging). The hyphae initially
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grew on the malt medium drop and subsequently they
colonized the whole glass slide (Fig. 1). The dishes were
cultivated inside a BOD (Biochemical Oxygen Demand)
incubator chamber at 25°C and they were observed 30 days
after inoculation. Glass slides containing only the drop of
MYEA medium were maintained under the same condi-
tions as negative controls.

Light Microscopy

After the incubation period, the petri dishes were opened
and the glass slides were removed and immediately
observed under normal and polarized white light with an
Olympus BX51 optical microscope. The relevant aspects
were photographed with Kodak Prolmage 100 film and the
scales were obtained with the projection of a micrometric
slide under the same conditions utilized in the illustrations.

Electron Microscopy and Microanalysis

Microanalyses were performed with a JEOL JSM-6360
scanning electron microscope, with energy-dispersive x-
ray spectrometry (EDS), operated at an accelerated voltage
of 20 kV. Pieces (2 x 2 cm?) of the slides containing the

Petri Dish
(2% agar-water)

glass slide

7

\\

~

L% inoculum
L malt medium

Fig. 1 Diagram showing the method used for growing necrotrophic
mycelium of M. perniciosa on a common glass slide. The slide, with a
drop of malt medium that had been inoculated with a small sample of
M. perniciosa necrotrophic culture, was placed in a petri dish with a
2% agar-water layer, thus allowing the growth of the hyphae toward
the edge of the dish [21]. After 1 month, the petri dishes were opened
and the slides removed for microscopic evaluation, performed on the
area indicated by the dashed square
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hyphae but lacking the culture medium were cut with a
diamond cutter and fixed on a carbon support with carbon
tapes. In order to improve the image contrast, carbon was
evaporated to form a thin (few nanometers) layer over the
sample.

Results and Discussion

The hyphae growing on the glass slide, outside of the
culture media, were analyzed by light microscopy. The
original idea of this technique was to produce cells free of
medium residues to stain nuclear DNA [21]. Remarkably,
inspection of the necrotrophic mycelium led to the identi-
fication of well-defined tetragonal crystals near the hyphae
(Fig. 2a), which were more evident when observed under

A -
B £ \
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“\
-
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¢ x800 25um

Fig. 2 Light microscopy of necrotrophic mycelium of Monilioph-
thora perniciosa without any treatment, showing crystalline structures
associated with the hyphae. (A, B) Crystals of pyramidal shape of
several sizes (2-20 um) were observed. (C, D) Bright crystalline

polarized light (Fig. 2b). Identical structures had been
detected associated with biotrophic-like mycelia growing
on culture plates, indicating that they are also produced by
this kind of hyphae. Glass slides incubated in the same
way, but without fungi inoculation, did not produce any
similar structure, indicating that this depended on cell
activity. Reinforcing this view, we observed bright crys-
talline-like structures apparently being secreted by cells
(Figs. 2c and d).

This analysis was refined by scanning electron micros-
copy (SEM). Several calcium-rich structures can be
observed associated with the mycelium (Fig. 3a) in an
image obtained with backscattered electrons (BECs). With
BECs, image contrast dependent on the heavier elements is
obtained. On closer inspection we observed that the crys-
tals seem to be produced inside the hyphae (Figs. 3b-d), the

XBOU‘ €5um

structures were registered apparently being secreted by the cells. The
crystalline structures are more evident observed under polarized light
(B, D)
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K200 Tam

Fig. 3 SEM of Moniliophthora perniciosa necrotrophic mycelium.
(A) Several calcium-rich structures can be observed associated with
the mycelium, in an image obtained with backscattered electrons. (B)
In a closer view, we observe that the crystals are produced inside the
hyphae. (C) The pyramidal shape of the crystal, in a surface view. (D)

growing of which may cause the cells to rupture (Fig. 3e
and f).

Qualitative analysis using EDS is a powerful tool in
microanalysis. Chemical analysis in SEM is performed by
measuring the energy and intensity distribution of the x-ray
signal generated by a focused electron beam [13]. Ideally,
quantitative microanalysis would be the best choice to

@ Springer

>y

Some crystals present a bipyramidal shape, due to the tetragonal
system of growth (weddelite; dihydrated CaC,04.2H,0). (E) The
crystals may cause rupture of the fungus cells. (F) Calcium oxalate
crystals also grow in a monocyclic system (wewellite; monohydrate
CaC204.H20)

determine the crystal composition, but in this case it was
not possible to perform an accurate and precise determi-
nation due to calibration difficulties. In any case, some
qualitative conclusions can be obtained from the EDS data.

Qualitative analyses were performed in a comparative
fashion, by positioning the electron beam over the crystal
sample (signal sample; S,) and over a region sufficiently
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Fig. 4 Energy dispersive x-ray A
spectrometry (EDS) of the
crystal sample. (A) EDS spectra
obtained with the beam focused
at point 1 (S,) in the crystal 3000+ '
sample (in detail at the top). (B) Si
Beam focused at point 2 (S,) for
background signals. The inset 2000
shows the SEM image of the 0 Ca
crystal sample, showing the
location where the beam was
focused 1000 Na
€ Mg
Al
2 -
i I 1 1 1
0 2 4 6 8 10
keV
B
6000
5000 Si
4000 —
3000 —
2000 — " Na
1000 Mg C
ol sl «R
g '}L-
1 I 1 I 1
0 2 4 6 8 10
kel

distant (signal blank; Sy). High-intensity peaks for oxygen,
at ~0.5 keV, can be observed for both position S, and
position Sy, (Fig. 4). The observed peak at Sy, is due to the
high oxygen content of the substrate. The greater intensity
at S, indicates that oxygen can be found in the crystal
structure. It is worth noting the peaks for calcium (3.8 and
4.0 keV) and carbon (~0.2 keV). The high intensity of
these peaks at S, is strong evidence that calcium takes part
in the composition of the crystal. Additionally, the pres-
ence of carbon suggests an anion containing this element:
one can note the intensity of the carbon peak compared to
the background. The presence of calcium in the back-
ground signal is due to the substrate composition. On the
other hand, the small signal for carbon at S, is due to the
vapor deposition of this element during the sample prepa-
ration. The absence of peaks at higher energies (>5 keV)
indicates that the lower-energy region, ranging up to
1 keV, does not suffer from interferences of heavier
elements.

Some peaks appear with intensities closer to the oper-
ational limit of the instrument (background noise) and
should not be considered for the purpose of qualitative
analysis (Fig. 4). In this way, peaks attributed to Al, K, Na,
and S were discarded. Again, the presence of traces of Al is
probably due to the emission of X-rays from the atoms

present in the construction of the microscope chamber.
Beyond this, the electron beam has penetration greater than
the sample dimensions, leading to the measurement of
elements present on the supporting substrate. In this work
the support was made by common glass slides, which are
composed of silica (Si0O,) and silicates of alkaline and
alkaline earth metals (essentially Na, Mg, and Ca). For
silicon, x-rays generated at both position S, and position S;,
showed intensities of 21546 and 41137, respectively, which
confirms that the silicon signal is due to the glass substrate.
The beam penetration into the supporting substrate is less
at position S,, because the beam must pass through the
crystal, which lowers the intensity at this point.

The possibility exists that the samples were formed by
calcium carbonate, which has the same composition.
However, this compound crystallizes as very small spheres,
which were not observed in our analysis. In contrast, COCs
are known to present pyramidal shapes, as a consequence
of growing in the tetragonal system (weddellite; dihydrated
CaC,0,4.2H,0). This structure was observed in our samples
(Figs. 2 and 3).

The formation of COCs by basidiomycetes is not unu-
sual and had been registered in the nonpathogenic fungi
Agaricus bisporus and Geastrum saccatum [31, 32].
Moreover, many phytopathogenic filamentous fungi, such
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Fig. 5 Alignment of the amino
acid sequence of predicted
Moniliophthora perniciosa
oxaloacetate acetylhydrolase
(OAH; Gene Bank accession
number EU179870) with the
homologous Coprinopsis
cinerea (Gene Bank accession
number EAU91265; e-value, 0),
Botryotinia fuckeliana (Gene
Bank accession number
AAS99938:; e-value, 2¢~*%), and
Aspergillus niger (Gene Bank
accession number ABD78720;
e-value, 2e’40). Activity of the
enzyme was experimentally
confirmed for the species A.
niger and B. fuckeliana

as Athelia rolfsii, Sclerotinia sclerotiorum, and Botrytis
cinerea, produce oxalate during interactions with their
hosts [2, 4, 15, 16]. In fungi, oxalate can be synthesized
from two possible substrates: oxaloacetate and glyoxylate.
Oxaloacetate generated in the tricarboxylic acid cycle and
in the glyoxylate cycle is hydrolyzed to oxalate and acetate
in a reaction catalyzed by the enzyme oxaloacetate acet-
ylhydrolase (OAH) [19]. Glyoxylate can be oxidized by the
enzyme glyoxylate oxidase (GLOX) or dehydrogenized by
the enzyme glyoxylate dehydrogenase (GLDH), generating
oxalate in both cases [1, 30]. However, it has been reported
that the oxaloacetate route is the main one for oxalate
synthesis in most fungi [16,
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produced from oxaloacetate [22].

cases [16, 23].
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basidiomycete Fomitopsis palustris shows both GLDH and
OAH activities; however, OAH activity is five times higher
than GLDH activity, demonstrating that oxalate is mainly

Most oxalate-producing fungi exhibit only the OAH
pathway. S. sclerotiorum expressed sequence tag (EST)
libraries showed the presence of oxaloacetate acetylhy-
drolase (oah) expressed sequences during their interaction
with Bracassia napus (canola); in contrast, gidh and glox
sequences were not detected [28]. Moreover, deletion of
the oah-encoding gene in Aspergillus nidulans and Botrytis
cinerea resulted in total loss of oxalate production in both
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Fig. 6 Possible pathways for
oxalate production in -
Moniliophthora perniciosa: (1) 5
Isocitrate lyase; (2) succinate

dehydrogenase; (3) fumarase; 8
(4) malate dehydrogenase; (5)

citrate sintase; (6) aconitate

hydratase; (7) malate synthase; 4
(8) oxaloacetate acetylhydrolase
(OAH). TCA, tricarboxylic acid
cycle; Glox, glyoxylate cycle
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Therefore, since we have found that M. perniciosa
produces calcium oxalate crystals, we should be able to
find genes of this route in its genome. Indeed, we have
found a sequence with high similarity to the Coprinopsis
cinerea, Botryotinia fuckeliana, and Aspergillus niger oah
genes (E-values: 0, 2¢~**, and 2¢~*°, respectively) (Fig. 5).
Most important, the EST corresponding to this gene was
found in a library produced with RNA from in vitro bio-
trophic-like mycelia; therefore we conclude that M.
perniciosa presents the gene responsible for the conversion
of oxaloacetate to oxalate, and that, probably, this gene is
also expressed in the biotrophic phase of the fungus in
planta. Moreover, inspection of the genome led to the
identification of all the enzymes necessary to produce
oxaloacetate (Fig. 6). In summary, our data suggest that
production of oxalate is a strategy employed in the estab-
lishment of WBD.

In fact, the presence of COCs in cacao tissues is
observed during the development of WBD. There is an
increase in the number of these crystals in infected seed-
lings, followed by a rapid decrease in the final stages of the
disease [3]. High oxalate concentrations are toxic to cells
because COC degradation by oxalate oxidase leads to H,O,
production. This compound has been found in infected
tissues [3] and the germin oxalate oxidase gene has been
proved to be expressed under these conditions [12].

Thus, the production of oxalate by M. perniciosa leading
to the formation of calcium oxalate crystals could con-
tribute to the increase in calcium oxalate contents in cacao
tissues, as previously described. In addition, it may play an
important role in all fungal stages, from the initial estab-
lishment of the fungus in the apoplast (biotrophic phase) to
the final stages of WBD, characterized by the necrosis of
the broom tissues (saprotrophic phase).

Diseases caused by fungi that produce oxalate have
been successfully prevented with the use of transgenic
plants expressing oxalate decarboxylase [6, 17]. For
cacao, transgenic plants expressing chitinase have
recently been obtained [20]. We believe that genes
expressing enzymes that degrade oxalate should be tested
in order to verify the effect of oxalate production in the
progression of WBD.
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amino acids. Seven homing endonucleases are located inside introns. Except atp8, all con-
served known genes are in the same orientation. Phylogenetic analysis based on the cox
genes agrees with the commonly accepted fungal taxonomy. An uncommon feature of
this mitochondrial genome is the presence of a region that contains a set of four, relatively
small, nested, inverted repeats enclosing two genes coding for polymerases with an inver-
tron-type structure and three conserved hypothetical genes interpreted as the stable inte-
gration of a mitochondrial linear plasmid. The integration of this plasmid seems to be

a recent evolutionary event that could have implications in fungal biology. This
sequence is available under GenBank accession number AY376688.
© 2008 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

Moniliophthora perniciosa is the causal agent of witches’ broom
disease (WBD) in cacao (Theobroma cacao). This fungus is
a basidiomycete previously classified as Crinipellis perniciosa,
and recently, it was reclassified due to its close relation to
Moniliophthora roreri (Aime & Phillips-Mora 2005; Evans et al.
2002), the causal agent of frosty pod rot (FPR) in cacao. These
two represent the two most devastating cacao diseases in
the Americas. M. perniciosa presents a hemibiotrophic life
style, with differentiated mycelia in each phase. The biotro-
phic mycelia are mononucleated, grow very slowly and colo-
nize the intercellular spaces (apoplast) of the infected plant
tissue. This phase is difficult to obtain in the laboratory, but
recently we have characterized the conditions for its ex planta
growth (Meinhardt et al. 2006). The saprophytic mycelia are
dikaryotic with clamp connections and grow vigorously in
axenic cultures.

Due to the economical importance, our group is involved in
the study of the complex biology of the hemibiotrophic fungus
M. perniciosa (Garcia et al. 2007; Meinhardt et al. 2006; Rincones
et al. 2003; Rincones et al. 2006; Rincones et al. in press; Rio et al.
2008; Scarpari et al. 2005). Included in this investigation is
a genome project (http://www.lge.ibi.unicamp.br/vassoura),
and during the course of the sequencing we obtained the com-
plete mitochondrial genome.

Besides M. perniciosa, 49 fungal mitochondrial genomes
have been completely sequenced and annotated to date
(http://ww.ncbi.nlm.nih.gov/genomes/ORGANELLES/futax sh
ort.html). These genomes encompass species from all phyla.
Despite the importance of the Basidiomycota, only five mito-
chondrial genomes from this group have been studied.

Mitochondria are generally accepted as vestigial endosym-
biotic proteobacterial ancestors (Gray et al. 1999; Lang et al.
1999), and they can evolve faster than nuclear DNA (Burger
et al. 2003; Burger & Lang 2003; Nosek & Tomaska 2003). The
relationship between mitochondria and the nucleus has
evolved over time and several mitochondrial genes encoding
proteins for mitochondrial metabolism have been transferred
to the nuclear genome (Adams & Palmer 2003; Burger et al.
2003; Dimmer & Rapaport 2008). Fungal mitochondrial
genomes are smaller than those of plants, but larger than
animal mitochondrial genomes (Burger et al. 2003). The gene
content of the typical fungal mitochondrial genome is greatly
reduced (ca 3040 genes) in comparison to the genomes of bac-
teria and the mitochondrial genomes of other eukaryotes.
Some conserved characteristics of mitochondrial genomes

are the high A + T content, lack of methylation, conservation
of the gene function, and high copy number (Campbell et al.
1999).

Fungal mitochondrial genomes vary greatly in size, show
different topology, and even in the use of the genetic code
among species (Gray et al. 1999). The number of genes can fluc-
tuate enormously from three to 67 for protein encoding genes
and from seven to 27 for tRNAs (Adams & Palmer 2003). They
usually contain 14 genes encoding hydrophobic subunits of
respiratory chain complexes, two genes for the large and
small ribosomal subunits and a set of tRNAs (Gray et al.
1999). Differences in length and organization of the intergenic
regions, differences in intron content (from 0 to 30) and size
(ranging from 0.15 to 4 kb), unidentified ORFs, and the pres-
ence of plasmids contribute significantly to the size variability
of the genomes among species (Bertrand 2000; Burger et al.
2003; Clark-Walker 1992; Hur et al. 1997). Also, there is no
apparent correlation between size and gene content in the
mitochondrial genomes (Burger et al. 2003).

The shortage of reliable morphological and ultrastructural
characters is a challenge in the taxonomic classification of
fungi. However, in recent years the use of mitochondrial
sequence data of proteins involved in essential processes con-
served throughout evolution have been used routinely to build
phylogenetic trees for the characterization of the origin and
evolution of fungal organisms (Bullerwell et al. 2003;
Bullerwell & Lang 2005; Seif et al. 2005). Therefore, more com-
plete mtDNA sequences from Basidiomycota may provide
insights to the origin and evolution of fungal mitochondria.

Plasmids have been found in many different fungi (Griffiths
1995; Kempken 1995a; Meinhardt et al. 1990, 1997). All of the
plasmids found in these fungi are mitochondrial with the pos-
sible exception of the Alternaria plasmids (Shepherd 1992).
Plasmids are of two types, circular and linear. In Neurospora
spp., both circular and linear types are found. The plasmids
of Absidia glauca are circular (Haenfler et al. 1992) and all the
remaining examples are linear. Some features are common
to almost all of the mitochondrial linear plasmids, namely:
(1) terminal inverted repeats; (2) proteins covalently attached
to the 5 termini; and (3) open reading frames (ORFs) for
viral-like RNA and DNA polymerases (Meinhardt et al. 1990,
1997). Thus, these linear plasmids in filamentous fungi are
thought to be descended from a common ancestor. However,
horizontal transfer of a linear plasmid in Ascomycota is also
shown (Kempken 1995b).

Although in most cases no function has been assigned for
these elements, in some species of filamentous fungi their
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presence and activity interferes with the growth of mycelia
(Bertrand et al. 1985, 1986). In Neurospora spp. insertion of the
plasmid DNA into the mitochondrial genome results to the
disruption of several genes leading to senescence and death
due to defective respiration (Bertrand 2000; Griffiths 1992,
1998; Rieck et al. 1982). Conversely, in Podospora anserina strain
AL2 and in the slime mould Physarum polycephalum, which are
species that normally senesce, insertion of the plasmids into
the mtDNA has been correlated with an increased life-span
(Hermanns et al. 1994; Maas et al. 2007; Nakagawa et al. 1998).
Among Basidiomycota, invertron-like DNA plasmids have
been completely sequenced in Agaricus bitorquis (Robison &
Horgen 1999), Flammulina velutipes (Nakai et al. 2000), and Pleu-
rotus ostreatus (Kim et al. 2000), but no specific function has
been associated with their presence in these hosts.

The present work is a comprehensive study of the M.
perniciosa mitochondrial genome. We describe its organiza-
tion, gene content, and order, together with a comparative
and phylogenetic analysis with other sequenced mitochon-
drial genomes. We provide evidence for the presence of poten-
tially new mitochondrial genes and for the evolution of the
mitochondrial genome by the stable integration of a linear
mitochondrial plasmid.

Material and methods
Fungal isolate, library construction and sequence assembly

Total DNA was extracted from strain CP02 of Moniliophthora
perniciosa, as described previously (Rincones et al. 2003). We
observed a relation between the integrity of the isolated
DNA and the age of the culture used for the extraction (the
older the plate, the worst the quality of the DNA). For that rea-
son, a total of 50 genomic libraries were constructed using
DNA isolated from young and old mycelia. Fragments ranging
in size from 1-2 and 24 kbp were obtained from total DNA by
sonication or nebulization (Surzcki 2000), and then cloned into
the Smal site of pUC18 or pCR4Blunt (TOPO Shotgun Subclon-
ing kit, Invitrogen - Life Technologies, Sdo Paulo, Brasil). Each
library corresponded to independent cloning events using
DNA obtained from individually growing cultures of CP02.
The inserts were sequenced and analysed following the whole
genome shotgun (WGS) approach (Venter et al. 1998).

Reads were assembled using the software package Phred/
Phrap/Consed (Ewing & Green 1998; Ewing et al. 1998; Gordon
et al. 1998) and the accuracy of the assembly was confirmed
with the program CAP3 (Huang & Madan 1999).

All isolates used in this study can be obtained from the
Laboratério de Gendmica e Expressdo at UNICAMP, as well
as further information concerning the collection data.

Gene annotation

For the sake of clarity, we have defined the ORFs found in the
mitochondrial genome as follows: (1) conserved known genes,
as those normally present in mitochondrial genomes with
known function; (2) conserved hypothetical ORFs, as those
ORFs present also in other mitochondrial genomes, but with-
out a defined function; and (3) non-conserved hypothetical

ORFs, as those ORFs that do not overlap with conserved
known genes or conserved hypothetical ORFs, and coding
for products with minimum size compatible with the smallest
conserved known genes (atp8 has 52 aa, atp9 has 73 aa and
nad4L has 87 aa).

Conserved known genes have been named as their coun-
terparts in other genomes. Intronic conserved hypothetical
ORFs have been named as oi#gene. Intrinic non-conserved
hypothetical ORFs have been named as oBi#gene. Conserved
hypothetical ORFs located in the plasmid region have been
named hypP#. Non-conserved hypothetical ORFs have been
named as hyp#. Here # represents a number and gene is the
name of the gene where it its located.

Conserved known genes and conserved hypothetical ORFs
were detected by similarity searches for known genes and
ORFs present in other fungal mitochondrial genomes using
BLAST (Altschul et al. 1990). Non-conserved hypothetical
ORFs were detected using ORF Finder (http://www.ncbi.nlm.
nih.gov/gorf/).

Regions coding for tRNAs were identified with the program
tRNAscan-SE (Lowe & Eddy 1997). The rRNAs sequences were
identified by comparison with homologous Basidiomycota
counterparts. Repeats were analysed using Reputer (Kurtz
et al. 2001) and Tandem Repeats Finder (Benson 1999).

Exon/intron boundaries of conserved known genes were
identified by comparison and alignment, using BLAST and
CLUSTAL (Higgins 1994), with the genes from other fungal
mitochondrial genomes.

PCR amplification

Amplification of selected regions of the mitochondrial
genome was carried out by PCR. Primers P1 (5-GCA
GGGAAGGGATATATAGG-3'), P2 (5-TTTGAGAGAGCATCAAAT
CC-3), P3 (5'-TTTTGAGAG AGCATCAAATCC-3), and P4 (5-AA
AGAACTGAAATCCGAGG-3') were designed to mach regions
outside (P1 and P4) and inside (P2 and P3) of the inverted
repeats that we did use to define the boundaries of the
inserted plasmid (see Results). Total DNA from isolates in
Table 2 purified as described above was used for the PCR
experiments.

GC content, GC skew, and codon usage

GC content and GC skew (Grigoriev 1998) were calculated
using the program Analyse seq (http://ludwig-sun2.unil.ch/
~vioannid/TP module5/18-03/freak2.html). Local GC content
was calculated with sliding windows over 5000bp and
500 bp with a pace of 500 and 50 bp, respectively. Codon usage
was analysed using the program CODONW (Peden 1999).

Principal component analysis (PCA)

A matrix presenting the relative use of each codon for each
ORF was evaluated by PCA in order to search for patterns of
codon usage (Joliffe 1986). These data were submitted to
analysis by the method of singular value decomposition of
non-centred and non-scaled data matrix by means of the R
software (R Development Core Team 2007). The number of
principal components to be retained was determined by
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scree-plot and the percentage of accumulated variation
explained by the components.

Phylogenetic analysis

Protein sequences were aligned using ClustalW (Thompson
et al. 1994) with default options, except for the use of the JTT
substitution matrix (Jones et al. 1992). Terminal and internal
poorly aligned regions were removed from the alignment
before the phylogenetic analysis. Phylogenetic trees were con-
structed with the program PhyML (Guindon & Gascuel 2003)
using the ML method, with JTT substitution matrix and
gamma distribution. The value of the shape parameter
o used was optimized by the program PhyML. Branch support
was tested by BS analysis with 100 resamplings (Felsenstein
1985).

Genes that code for the mitochondrial cytochrome c oxi-
dase (cox1, cox2 and cox3), properly annotated, from 50 fungi
with complete sequence for the mitochondrial genome were
used to build the phylogenetic tree. The optimized value of
the shape parameter o was 1.444 for this set of sequences.

Also, the genes dpoB and rpo from the mitochondrial plas-
mid from ten species that present a complete invertron struc-
ture (both genes in the opposite orientation flanked by
inverted repeats) (Griffiths 1995) were used to build a phyloge-
netic tree. A total of 13 complete plasmids were used in this
analysis. Three of the species used present more than one
copy of the plasmid (Neurospora crassa, Pleurotus ostreatus,
and Flammulina velutipes). Sequences with similarity to dpoB
or rpo not organized with an invertron structure were not
included in this analysis. The optimized value of the shape
parameter o was 1.549 for this set of sequences.

Comparative genomics

The comparison of the gene content and order of all known
mitochondrial genomes of Basidiomycota was carried out by
visual inspection due to the small number of genomes used,
six. All conserved known genes coding for proteins and the
rRNAs were designed as boxes linearly as they appear in the
genome beginning with the large rRNA (ml) in a clockwise
direction.

Results
Assembly of the mitochondrial genome

After the initial assembly of 124565 reads produced in the
sequencing of all the libraries a large contig enclosing 5448
reads was generated. This contig was identified as the mito-
chondrial genome of the fungus by comparison to other fungal
mitochondrial genomes. Inclusion of additional reads from
new sequencing rounds and a careful assembly resulted in a fi-
nal contig containing 6920 reads. The consensus sequence cor-
responded to a circular DNA of 109103 bp without gaps,
regions of low consensus quality, or regions of high-quality
discrepancy (Phrap assembly). This corresponded to an ap-
proximate coverage of 31 times. The complete mtDNA se-
quence is available at GenBank (accession number AY376688).

Although most fungal mitochondrial genomes are circular
(Torriani et al. 2008; Wang et al. 2008; Zivanovic et al. 2005),
some linear genomes have been reported (Forget et al. 2002;
Rycovska et al. 2004). Due to the programs we use not being
able to assemble circular DNAs we have used a different
strategy in order to check whether the mitochondrial genome
of M. perniciosa is linear or circular. The strategy consisted in
the masking of unique regions (minimum length of 750 bp) of
the genome and new assemblies of all the reads were per-
formed with the exception of the masked region. This was
repeated masking different regions independently. If the
mitochondrial genome is linear this strategy should render
at least two different contigs representing the regions on
both sides of the masked region. The result was always one
contig comprising all the genome except the masked region;
thus indicating that the mitochondrial genome is circular.

Conserved known genes

Fig 1 shows the map of the 119 possible coding regions present
in the mitochondrial genome. Seventeen genes were classified
as conserved known genes, coding for proteins were identified
by comparison with other fungal mitochondrial genomes
where the function of those have been described. Fourteen
of those are involved in the oxidative and energy metabolism;
seven subunits of the NADH dependent dehydrogenases,
three cytochrome c oxidases, three FO subunits of the ATP
synthases and one cytochrome b. One gene, rps3, is involved
in ribosome assembly (Bullerwell et al. 2000). The last two
code for polymerases, a DNA-dependent RNA polymerase
(rpo) and a DNA-directed DNA polymerase (dpoB).

Two rRNAs and 26 tRNAs were identified in the mitochon-
drial genome. These tRNAs are grouped into regions of the
genome presenting a relatively high GC content (Fig 3). The
location of the tRNAs is shown at the most inner circle in
Fig 1, and Table 1 list all the tRNAs anti-codons with its corre-
sponding amino acid.

Conserved and non-conserved hypothetical ORFs

Twelve additional putative ORFs have been defined as con-
served hypothetical ORFs based on the fact of the existence
of similar sequences in other fungal mitochondrial genomes.
Three of them are present between a set of inverted repeats
together with the genes dpoB and rpo, and the other nine are
intronic ORFs located inside the genes that code for cox1, cob,
nad4 and nad>5 (Fig 1).

The analysis of the remainder of the sequence with the
program ORF Finder located 59 possible non-conserved hypo-
thetical ORFs and three non-conserved intronic ORFs located
inside the genes nad5, cob and cox2 (Fig 1). One copy of the
LAGLIDADG motif was found in one hypothetical ORF, hyp15.

Introns

Twelve introns have been identified: cox1 has six introns, cox2
and cob have two introns each, and both nad4 and nad5 have
one intron each (Fig 1). All the six introns in cox1, one of the in-
trons in cob, and the intron in nad4 and nad5 contain one con-
served hypothetical ORF each. Besides these conserved



1140

120
E. F. Formighieri et al.

inverted
repeats

rpo

inverted L

repeats

nadi —

nad6

exon-.

f inrronﬁ
intronic orf~}

GXOJ’.'/

', — cox1

\
atp9

nad4

Fig 1 - Genetic map of the mitochondrial genome from Moniliophthora perniciosa. At the outermost circle the conserved
known genes (protein coding genes as black boxes and rRNAs in grey, the name of each gene is indicated) and the intronic
ORFs (conserved hypothetical in black and non-conserved hypothetical in grey) are represented (small boxes inside the
gene). All other conserved and non-conserved hypothetical ORFs are represented at the middle circle (genes with the same
codon usage as the conserved known genes as black boxes, the rest of the hypothetical genes are in grey). The three
conserved hypothetical ORFs present in the plasmid are indicated by a white dot inside the box. The tRNAs, labelled by their
one letter code corresponding amino acid, are represented at the innermost circle (X represents the undefined anti-codon).
Genes outside the circle are oriented clockwise and those inside are anticlockwise.

hypothetical ORFs, cob, cox2, and nad5 contain one non-
conserved hypothetical ORF each.

Two different motifs belonging to two types of homing
endonucleases have been found in eight of the intronic con-
served hypothetical ORFs. Two copies of the LAGLIDADG
motif were found in six of them (oilcox1, oi2cox1, oi4cox1,
oi5cox1, oilnad5, and oilnad4), and oilcob presented only one
of such motifs (Heath et al. 1997). Inside the intronic ORF
oi6cox1 one GIY-YIG motif was found (van Roey et al. 2001).

Codon usage and ORF orientation

The preferential codon usage was calculated from the exon
sequences of the conserved known genes (Table 1). At least
one tRNA for every amino acid has been identified, and for
one of them it was not possible to determine the anti-codon.
Most of the codons can be translated with tRNAs present in
the mitochondrial genome by the wobble rule (Jukes 1984).
There are two codons, AUA and UGA, without the correspond-
ing tRNA.

When the PCA was applied to all the potential protein-
coding genes (91 known and hypothetical ORFs) a clear pat-
tern could be identified (Fig 2). The genes segregated into
two different groups (Fig 2, left panel). One first group (A)
was formed up by 45 non-conserved hypothetical ORFs, and
the three intronic non-conserved hypothetical ORFs: oBilnads,
oBilcob and oBilcox2; and a second group (B) made up by the
remaining 43 ORFs; including all conserved known genes
(17), nine conserved hypothetical ORFs, and 14 non-conserved
hypothetical ORFs.

A significant number of ORFs belonging to group A are ori-
ented in the anticlockwise direction (18 out of 48). The remain-
ing 30 ORFs show a clockwise orientation. Most of the ORFs
(38 out of 43) in group B are oriented in the clockwise direction;
these include most the known conserved genes (15 out of 17),
all of the intronic conserved ORFs (9), two conserved hypo-
thetical ORFs and 12 non-conserved hypothetical ORFs. It is
likely that these non-conserved, hypothetical ORFs represent
true genes due to the fact that they have the same preferential
codon usage and the same clockwise orientation as the con-
served known genes. Only five ORFs are found in the
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Table 1 - Codon usage in the conserved known genes from the mitochondrial genome

Amino Codon E Anti- Amino Codon E Anti- Amino Codon E Anti- Amino Codon E  Anti-
acid codon acid codon acid codon  acid codon
Phe UUU 334 (gaa Ser UCU 167 (u)ga Tyr UAU 217 (gua Cys UGU 32 (g)ca
uuc 96 GAA ucCcC 16 (u)ga UAC 39 GUA UGC 4 GCA
Leu UUA 545 UAA UCA 140 UGA Ter UAA 25 Trp UGA 41 -
UUG 52 (u)aa UCG 9 (uga UAG 14 ¢ UGG 21 CCA
CuUU 79  (u)ag Pro CCU 109 (u)gg His CAU 64 (gug Arg CGU 1  (ucg
cuc 5 (u)ag CEE 3 (u)gg CAC 36 GUG CGC 1 (u)cg
CUA 72 UAG CCA 47 UGG Gln CAA 111 UuG CGA 10 UCG
CUG 21  (u)ag CCG 3 (u)gg CAG 14  (u)ug CGG 1  (u)cg
Ile AUU 270 (gau Thr ACU 135  (u)gu Asn AAU 235 (guu Ser AGU 114  (g)cg
AUC 44  GAU ACC 5  (ugu AAC 34 GUU AGC 19 GCU
AUA 286 - ACA 118 UGU Lys AAA 184 UUU Arg AGA 78 UCU
Met AUG 102 CAU ACG 4 (u)gu AAG 18  (u)juu AGG 1 (ucu
Val GUU 135  (u)ac Ala GCU 164  (u)gc Asp GAU 119  (guc Gly GGU 136 (u)cc
GUC 5 (wac GCC 13 (u)gc GAC 20 GUC GGC 9 (u)cc
GUA 160 UAC GCA 91 UGC Glu GAA 111 UUC GGA 138 UCC
GUG 20 (u)ac @ee 13 (u)gc GAG 16 (uuc EET 12 (u)cc

The tRNAs that can potentially match codons by the wobble rule are indicated by small caps in parentheses. Missing tRNAs are indicated by

a dash, and the stop codons are indicated by asterisks.

anticlockwise direction; two conserved known genes (atp8 and
dpoB), one conserved hypothetical ORF (hypP3), and two non-
conserved hypothetical ORFs. These three hypothetical ORFs
are located immediately upstream of the gene dpoB. Also, all
the tRNAs and the two rRNAs are in the clockwise orientation.

GC content
The mitochondrial genome presents a relatively low GC con-

tent (31.9%) in comparison to that of the genomic DNA
(47.7 %), calculated using all the non-mitochondrial contigs.

Comparing the GC average for positions one (GC1), two
(GC2), and three (GC3) of conserved protein coding genes
and for all mtDNA (GCm), we found that GC3 was significantly
biased towards lower values (supplementary data), which has
been observed in protein coding genes in some mitochondrial
genomes (Stewart & Beckenbach 2006).

The GC content and the cumulative GC skew of the mito-
chondrial genome are shown in Fig 3. The GC content (Fig 3,
blue and black lines) presents some variation along the mito-
chondrial genome with three well-defined significant regions.
It begins with a content between 35 and 40 %, maintaining this
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Fig 2 - PCA of codon usage. Left panel shows a plot of the sequence distribution according to codon usage (two-component
solution accounting for 78.1 % of the total variance; 65.4 and 12.7 % from components one and two, respectively). Right
panel shows the relations of ORFs classified by group and orientation.
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Fig 3 — GC content and GC skew along the mitochondrial genome. Blue and black lines represent the local GC content
calculated with windows of 500 and 5000 bp, respectively. Red line represents the cumulative GC skew. The position and
orientation of the ORFs is indicated at the bottom of the figure. Dashed lines 1 and 2 represent the position of the large
internal repeats, and lines 3 and 4 represent the two groups of non-conserved hypothetical ORFs (hyp58-hyp57 and
hyp28-hyp29) with opposite orientation and inside the region of low GC content. The position of the ORFs is represented at

the bottom of the figure.

average up till the 19 kbp position where it begins to drop
down to around 24 % at the 28 kbp position; then it begins to
raise up to around the previous level at the 45 kbp position
where it drops again to a minimum at the 50 kbp position
just under the 30 % content; then it goes up to its maximum
local content just over 40 % between the 55 to the 59 kbp posi-
tion; then the content goes back to the 35 % average content
up to the 71kbp position where it drops down, for the last
time, to its lower value (around 23 %) at the 76 kbp position;
it remains at this low value up till the 88 kbp position where
it raises again up to an average content of 35 % at the 92 kbp
position, and remains around this value till the end.

The cumulative GC skew (Fig 3, red line) raises up to a max-
imum at the 42 kbp position and then drops down up to the
72kbp position where it goes up again until generating
a new local maximum between the previous position and
the 90 kbp position; after this position levels up and its rela-
tively constant up till the end of the sequence.

The most significant feature of this analysis comes from the
combined observation of the GC content and the GC skew. The
region located between the 73 kbp and the 90 kbp positions (Fig
3, between dotted lines 1 and 4) is characterized by the lowest
GC content and a change in the direction of the cumulative
GC skew (red line). Also conspicuous is the significant reduc-
tion in the noise of the profile of the GC content calculated
with the smaller window (500 bp) of this region with respect
to the rest of the genome (blue line). This kind of pattern has
been interpreted as regions of genome rearrangement (Grigor-
iev 1998). This region contains nine ORFs and four sets of

inverted repeats. It begins with one set of inverted repeats
347 bp long (Fig 3, dotted line 1), continues with two conserved
hypothetical ORFs (hypP1 and hypP2), then a set of inverted re-
peats 130 bp long followed by rpo and dpoB, then another set of
inverted repeats 130 bp long followed by one conserved hypo-
thetical ORF (hypP3), then the last set of inverted repeats (Fig
3, dotted line 2) appears followed by two non-conserved hypo-
thetical ORFs (hyp58 and hyp57) with a anticlockwise orienta-
tion (Fig 3, dotted line 3), and then the region ends with two
more non-conserved, hypothetical ORFs (hyp28 and hyp29)
with a clockwise orientation (Fig 3, dotted line 4). The region
delimited by the two bigger sets of inverted repeats that con-
tains the genes rpo and dpoB, together with three conserved hy-
pothetical ORFs (Fig 3, dotted lines 1 and 2), resembles the
structure of a linear plasmid (Griffiths 1995).

The analysis of the GC skew in mammals (Touchon et al.
2005) and bacteria (Arakawa et al. 2007) has proved useful in
the determination of putative origin and termini of replica-
tion, indicated by a change in the polarity of this index.
Despite not having any experimental data about the location
of the origin of replication, we are proposing that the putative
origin of replication of the mitochondrial genome of
Moniliophthora perniciosa might be located around position 1
where we have a minimum for the GC skew index (Fig 3).

Integrated plasmid

The analysis of the sequence showed the presence of two
genes, rpo and dpoB, that code for a DNA-dependent RNA



The Moniliophthora perniciosa mitochondrial genome

123
1143

polymerase and a DNA-directed DNA polymerase, respec-
tively. These two genes are not typical mitochondrial genes.
They are found in plasmids, and these plasmids can be free
in the linear form or integrated into the mitochondrial
genome (Griffiths 1995, 1998).

Four sets of inverted repeats were found in the region sur-
rounding these two genes, two small, 130 bp long, and two
large, 347 bp long. The organization of this region is described
above and shown in Fig 4. Invertron-type plasmids are charac-
terized by large terminal inverted repeats of around 1000 bp
(Griffiths 1998), as also found in transposable elements, bacte-
riophages, and adenoviruses (Sakaguchi 1990). We are propos-
ing the existence of an invertron-type plasmid integrated in
the Moniliophthora perniciosa mitochondrial genome in the
region delimited by the large inverted repeats (347 bp).

The plasmid region presents three conserved, hypothetical
ORFs; two of them (hypP1 and hypP2) are located before rpo
and have the same orientation as this polymerase. The other
ORF, hypP3, is located after dpoB and it has the same orienta-
tion as this gene, but opposite to the first three genes (Fig 4A).
These two sets of conserved, hypothetical ORFs are located
between the large and the small inverted repeats. Four addi-
tional, non-conserved, hypothetical ORFs (hyp58, hyp57,
hyp28, and hyp29) are located after the last large inverted
repeat. These ORFs are inside the region of low GC content
and with a significant deviation of the GC skew (Fig 3, between
dotted lines 2 and 4). The first two (hyp58 and hyp57) have the
same orientation as dpoB, and the last two (hyp28 and hyp29)
have the opposite orientation. A comparison of the protein
sequence of these hypothetical ORFs showed that hypP1,
hypP3, and hyp58 are significantly similar (BlastX e-values:
hypP1 and hyp58 - 1e-19 and hypP1 and hypP3 - 2e-8); as it

happens with hyp57 and hyp28 (BlastX e-values: hyp57 and
hyp28 — 7e-15). The orientation and similarity among these
sequences seems to indicate the integration and duplication
of the genes present at this location.

In order to check the relationship between the plasmid and
the mitochondrial genome, we followed two different strate-
gies. The first one consisted in a careful analysis of the assem-
bly of the sequencing data, and the second one involved an
analysis of the sequence by PCR. The analysis of the assembly
of the sequencing data did not show any overrepresentation
of reads along the whole mtDNA assembly, and more specifi-
cally at the plasmid region. In the shotgun strategy used here
an overrepresentation of reads is an indication of the presence
of a different number of copies of some part of the DNA. This
should indicate the presence of independent entities, like
plasmids. This is the case of the mitochondrial genome that
is overrepresented with respect to the genomic DNA, 31 versus
2.5 times, respectively. Another indication of the existence of
a separate plasmid would be the abrupt interruption of the
reads at the ends of free plasmids, but this situation was not
detected. This in silico analysis is a strong indication that the
plasmid did not exist in an independent form. Therefore, it
may be stably integrated in the genome.

It is important to note that genomic libraries were con-
structed from mycelia at different ages, with young and old
mycelia. It has been reported that some linear plasmids play
arole in fungal aging, normally called senescence, by jumping
over the mtDNA presenting different insertion points in the
sequence, disrupting this way essential genes (D’Souza et al.
2005; Fox & Kennell 2001). If the aging of M. perniciosa mycelia
is caused by a similar process, we should be able to detected
different combinations of mitochondrial and plasmid DNAs
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Fig 4 - (A) Genetic map of the plasmid and adjacent regions. Black boxes represent the two polymerases. Conserved hypo-
thetical ORFs, hypP1 and hypP3, together with non-conserved hypothetical ORFs hyp58 that show significant similarity
(BlastX e-values: hypP1 and hyp58 - 1e-19 and hypP1 and hypP3 - 2e-8) are represented by light grey boxes. Non-conserved
hypothetical ORFs, hyp57 and hyp28, also show significant similarity (BlastX e-values: hyp57 and hyp28 - 7e-15) are repre-
sented by dark grey boxes. Inverted repeats are represented by the small black boxes connected by a line according to its
size. The position of the primers P1, P2, P3, and P4 are indicated by the boxes on top, as well as the expected size of the
amplification product. (B) Analysis of the boundaries of the plasmid region by PCR using primers P1-P2 (1-2) and P3-P4 (3-4).
Origin of the samples: BA, Bahia; RO, Roraima; PA, Para. Dashed lines indicate the same regions as in Fig 3.
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by misalignments in the assembly. However, such incon-
sistencies, which would be detected by ‘high-quality
discrepancies’ (Ewing & Green 1998; Ewing et al. 1998), have
not been detected and the assembly consistently produced
the same consensus sequence. Therefore, we concluded
that the plasmid was stably integrated in a defined position
in the mtDNA of this isolate.

An experimental approach was also devised in order to fur-
ther check the integration of the plasmid DNA in other iso-
lates. Four different primers were designed, two of them just
outside the plasmid sequence representing sequences belong-
ing to the mtDNA, and the other two inside the boundaries of
the region considered as being the plasmid representing
sequences at regions outside the larger external inverted
repeats. The region to be amplified by these primers encom-
passes the external repeats that define the boundaries of the
plasmid. A representation of the position of the primers and
the expected size of the amplified fragment is shown in
Fig 4A. In the case of the plasmid being integrated, fragments
corresponding to the integration boundaries will be amplified.
The results of the PCR analysis performed with five isolates
from different regions of Brazil are shown in Fig 4B. The PCR
analysis was repeated with further 23 isolates of M. perniciosa.
The nomination and origin of all isolates used in this study are
summarized in Table 2. In all isolates we detected the ampli-
fication of the specific region for the combination of primers
P1-P2 and P3-P4 indicating the integration of the plasmid
into the mitochondrial genome. No positive result with any
of the isolates was obtained with the combination of primers
P1-P4, which should produce a 1002 bp fragment if the region
between the external inverted repeats were not present. Thus,
only in the absence of the integrated plasmid will the last
combination of primers (P1-P4) render a positive result. The
distance between the locations of these primers with the plas-
mid integrated (11972 bp) makes it technically impossible to
obtain an amplification product in the conditions used here.

Comparative genomics

The inspection of the mitochondrial genomes of Monilioph-
thora perniciosa together with those from other Basidiomycota
species did not show significant overall synteny of the protein
coding genes (Fig 5). However, a more detailed inspection
showed that nad genes are present as groups (nad2-nad3,
nad4lL-nad5, and nad4-nadé6); there is a tendency to stay
together on the genome in the three members of the class
Agaricomycetes (Schizophyllum commune, Pleurotus ostreatus,
and M. perniciosa).

We compared the mitochondrial genomes of M. perniciosa
with that of Podospora anserina because they are two of the big-
gest, over 100 kb, described so far (Fig 5). Interestingly, the
main reason for the large size of the P. anserina mitochondrial
genome is the presence of numerous introns (Cummings et al.
1990), whereas the mitochondrial genome from M. perniciosa
posses many non-conserved hypothetical ORFs.

Phylogeny

Phylogenetic trees were built using the three cytochrome oxi-
dase genes (cox1, cox2, and cox3) from 50 fungal species

Table 2 - Isolates of Moniliophthora perniciosa with
indication of the municipality of collection and institution

responsible for this collection (repository) used in the PCR
experiments

Isolate Local of collection Repository
CP02 Itabuna, BA, Brazil UESC?
CP0O9 Tlhéus, BA, Brazil CEPLACP
Belmonte Belmonte, BA, Brazil UFB®
Ilhéus Ilhéus, BA, Brazil UFB€
Santo Amaro Santo Amaro, BA, Brazil UFB
FA42, FA276, FA277, Itabuna BA, Brazil FACY
FA278, FA562, FA563

FA281 Aiquara, BA, Brazil FAC
FA287 Inema, BA, Brazil FACY
FA293 Gandu, BA, Brazil FAC
FA300 Ibirataia, BA, Brazil FAC
FA311 Itagiba, BA, Brazil FAC
FA317 Ilhéus, BA, Brazil FAC
BP10 Itapebi, BA, Brazil FAC
FAS551 Tabatinga, AM, Brazil FAC
ESJOH-1 Marituba, PA, Brazil ESALQ®
ESJOH-2 Ouro Preto, RO, Brazil ESALQ
ESJOH-3 Belém, PA, Brazil ESALQ
ESJOH-4 Altamira, PA, Brazil ESALQ
ESJOH-5 Medicilandia, PA, Brazil ESALQ
ESJOH-6 Ariquemes, RO, Brazil ESALQ
ESJOH-7 Manaus, AM, Brazil ESALQ
ESJOH-8 Ji-Parand, RO, Brazil ESALQ
ESJOH-9 Alta Floresta, MT, Brazil ESALQ

a UESC (Universidade Estadual de Santa Cruz) Ilhéus, Bahia,
collected by Julio Cascardo.

b CEPLAC (Comissdo Executiva do Plano de Lavoura do Cacau)
IIhéus, Bahia, collected by Karina Gramacho.

¢ UFB (Universidade Federal de Brasilia) Brasilia, collected by
Maricilia Arruda.

d FAC (Fazenda Almirante Cacau) Ilhéus, Bahia, collected by Alan
Pomella.

e ESALQ - CENA (Centro de Energia Nuclear na Agricultura, in
Escola Superior de Agricultura “Luiz de Queiroz”) Piracicaba, Sdo
Paulo, collected by Paulo Albuquerque (ERJOH — CEPLAC).

independently. The trees obtained for the individual genes
were essentially the same, without significant differences.
Due to this a new phylogenetic tree was built using the three
cox genes concatenated. This tree showed the same topology
as those built with independent genes, but presented higher
BS support for most of the branches, with the exception of
some basal branches. Fig 6 shows the rooted phylogenetic
tree for this analysis of the three cox genes concatenated.
The results largely agree with fungal taxonomy and with
recent fungal phylogenies (James et al. 2006; Kouvelis et al.
2004).

The unrooted phylogenetic tree built with the polymerase
genes from the plasmid using all complete fungal invertron-
like plasmids, including kalilo-like plasmids, is shown in
Fig 7. There is a clear separation of the plasmid sequences
into two major groups. One of them was made up by the
kalilo-like plasmids (Fig 7, right), as described by Sakaguchi
(1990) and the other by the non-kalilo-like linear plasmids
(Fig 7, left). This separation has no correlation with the phylo-
genetic separation between Basidiomycota and Ascomycota
obtained with the genes encoding proteins of the respiratory
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Fig 5 — Comparison of the gene content and order of the known mitochondrial genomes from Basidiomycota and Podospora
anserina. Genetic maps of the mitochondrial genomes from Tilletia indica (NC 009880), Ustilago maydis (NC 008368), Crypto-
coccus neoformans (NC 004336), Schizophyllum commune (NC 003049), Pleurotus ostreatus (NC 009905) and Moniliophthora
perniciosa (NG 005927). Gene sizes and total mitochondrial genome length are drawn to mach the genome of M. perniciosa.
The mitochondrial genome of Podospora anserina (NC 001329) is represented at the bottom drawn proportionally to the

genome of M. perniciosa, for size comparison.

chain (Fig 6). In this analysis, M. perniciosa genes grouped
together with the kalilo-like plasmids from other fungi. There
are other types of plasmids with a circular topology that preset
only one of the polymerases (Griffiths 1995). These plasmids
were not used in the phylogenetic analysis. Although they
present sequence similarity, they represent non-homologous
genes from different types of plasmids with different evolu-
tionary origin (Griffiths 1995).

Morphology of Moniliophthora perniciosa in vitro

The germination of Moniliophthora perniciosa spores in rich
media plates results in the growth of mycelia that presents
a smooth, white aspect (Fig 8, left) with a continuous growth
rate. After several months and plate passes, around ten, the
mycelia begin to change its aspect becoming more rugged
with a wave-like growth appearance (Fig 8, right) and the syn-
thesis of a brown pigmentation. We consider the mycelia pre-
sented in the left panel of Fig 8 as young, and that in the right

panel as old. This change appears to be irreversible, no regres-
sion to the young phenotype has been observed.

The yield of the DNA isolation depends greatly with the age
of the mycelia used. Old mycelia render low amounts of mate-
rial and present a relatively high degree of degradation. In
contrast, young mycelia did not seem to show this problem.
Another significant fact was that young mycelia had a higher
mtDNA content with respect to genomic DNA than old myce-
lia, as estimated by the number of reads belonging to each
class. For this reason we obtained many libraries encompass-
ing different ages of the fungal culture. The consensus
sequence obtained from the assembly of the reads belonging
to young and old mycelia libraries did not show any
difference.

Discussion

The mitochondrial genome of Moniliophthora perniciosa
(109103 bp) is the largest fungal mitochondrial genome
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A. oryzae (NG 008282), A. tubingensis (NG 007597), Candida albicans (NC 002653), C. glabrata (NC 004691), C. metapsilosis

(NC 006971), C. orthopsilosis (NC 006972), C. parapsilosis (NG 005253), C. zemplinina (NC 005972), C. neoformans (NC 004336),
Debaryomyces hansenii (NC 010166), Epidermophyton floccosum (NG 007394) Gibberella zeae (NG 009493), Hanseniaspora uvarum
(NC 007780), Harpochytrium sp. JEL105 (NC 004623), Harpochytrium sp. JEL94 (NC 004760), Hyaloraphidium curvatum

(NC 003048), Hypocrea jecorina (NC 003388), Kluyveromyces lactis (NC 006077), K. thermotoloerans (NC 006626), Lecanicillium
muscarium (NG 004514), Metarhizium anisopliae (NG 008068), Moniliophthora perniciosa (NC 005927), Monoblepharella sp. JEL15
(NC 004624), Mortierella verticillata (NC 006838), Mycosphaerella graminicola (NC 010222), Paracoccidioides brasiliensis

(NC 007935), Penicillium marneffei (NC 005256), Phaeosphaeria nodorum SN15 (NC 009746), Pichia canadensis (NC 001762),
Pleurotus ostreatus (NC 009905), Podospora anserina (NC 001329), Rhizophydium sp. 136 (NC 003053), Rhizopus oryzae

(NC 006836), Saccharomyces castellii (NC 003920), S. cerevisiae (NC 001224), S. servazzii (NC 004918), Schizophyllum commune
(NC 003049), Schizosaccharomyces japonicus (NC 004332), S. octosporus (NG 004312), S. pombe (NG 001326), Smittium culisetae
(NC 006837), Spizellomyces punctatus (NG 003052), Tilletia indica (NC 009880), Ustilago maydis (NC 008368), Vanderwaltozyma
polyspora (NG 009638), Verticillium dahliae (NG 003060) and Yarrowia lipolytica (NC 002659).
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(NC 002135), mlp2 in P. ostreatus (AF355103) and pAL2-1 in P. anserina (X74137). Double line branch indicates a major sep-
aration of sequences in two groups: kalilo-like (right) and non-kalilo-like (left). Basidiomycota are underlined.

sequenced so far (http://www.ncbi.nlm.nih.gov/genomes/
ORGANELLES/fu.html), the sixth among Basidiomycota, and
the third of the class Agaricomycetes. To the best of our knowl-
edge, the two members of the genus Moniliophthora,
M. perniciosa and M. roreri, are the only ones from this taxo-
nomic class with hemibiotrophic life-styles that also infect
the aerial parts of plants. Therefore, the analysis of the
sequence adds information to the knowledge of the fungal mi-
tochondrial genomes, more specifically to the Basidiomycota,
with potential to unveil specific information of this kind of
organism.

This genome presents a circular topology, as have most of
the fungal mitochondrial genomes sequenced so far. Only five,
out of 50, have been described as linear. Also, it is A + T biased,
like most other fungi. The tendency of A or T predominance
becomes evident by the A/T frequency at the third codon
position of the protein coding genes, 88.7 %, which is nearly
a neutral position that could normally be occupied by any of
the four bases without changing the amino acid identity. An
explanation for this bias in the mitochondrial genome pro-
posed by Xia (1996) suggest that, in order to maximize tran-
scriptional efficiency, codon usage will be adapted to the
most abundant nucleotide. Due to the high abundance of
ATP over the other triphosphate nucleotides, codons ending
in A are used more frequently.

All the 14 genes coding for the inner mitochondrial mem-
brane proteins involved in the respiratory chain and the two
genes for the rRNAs (ml and ms) are present in the M. perniciosa
mitochondrial genome. Also, it contains an ancient gene cod-
ing for a ribosomal protein (rps3) present in the mitochondrial
genome of some Ascomycota, Basidiomycota, Zygomycota, and
a few Chytridiomycota (Bullerwell et al. 2000). These genes
make up the standard set of genes found in other fungi.

The size of the fungal mitochondrial genome varies widely,
the smallest reported is around 11 kbp from Hanseniaspora
uvarum (Pramateftaki et al. 2006) and the largest is around
121kbp from Suillus grisellus (Bruns & Palmer 1989); and
most of them are smaller than 60 kbp (Bullerwell & Lang
2005). It is generally accepted that any variation in

mitochondrial genome size is ‘due mainly to the amount of
noncoding material, because all mitochondrial DNA code for
the same thing: some components of the electron transport
chain, some structural RNAs of the mitochondrial ribosomes,
and a range of mitochondrial tRNA’ (Deacon 2006). The in-
creased size of two of the biggest genomes appears to have dif-
ferent origin (Fig 5). Whereas P. anserina has larger sizes and
numbers of intronic regions, M. perniciosa has bigger intergenic
regions between the known conserved genes. In these inter-
genic regions we were able to find a set of conserved and
non-conserved hypothetical ORFs (Fig 1). The existence of
the plasmid region also contributes to the increased size of
this genome. This region, between the large inverted repeats,
represents around 10 % of the total genome.

The analysis of the codon usage by PCA showed that
a group of 17 of those ORFs present a similar pattern to that
of the known conserved genes (group B in Fig 2). Moreover,
14 of these ORFs are present a clockwise orientation, as
most of the known conserved genes. Although little is known
regarding transcription and RNA metabolism in non-model
organisms, the presence of mitochondrial genes in the same
orientation is an indication of the presence of one transcrip-
tion unit, as transcription in mitochondria is universally
accepted as polycistronic (Schéfer et al. 2005). Also, these
ORFs and the known conserved genes are located in genomic
regions not populated by tRNAs (Fig 1); so the protein coding
regions are not superimposed by the tRNA coding regions,
thus avoiding transcriptional problems. Conversely, the ORF
coding for the tRNA without a defined anti-codon is located
in aregion populated by conserved genes (Fig 1, X at the inner-
most circle); this might indicate that the ORF is not real and
does not code for anything. Transcription in mitochondria
generates big transcripts that are processed with the tRNA
regions indicating breaking points (tRNA punctuation model)
in order to generate the final mRNAs (Ojala et al. 1981).

It is known that there are a large number of proteins in
mitochondria, most of them encoded by nuclear genes
(Dimmer & Rapaport 2008). Moreover, it is believed that
most of these genes migrated from the mitochondrial genome
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to the nucleus. Therefore, it is possible that in fungi, which
present a large variability in the size and structure of their
mitochondrial genomes, some functional genes still remain
in the mitochondrial genome contributing to the mitochon-
drial proteome.

With this information, together with the data presented
here, we propose the existence of 17 potential new genes in
the mitochondrial genome of M. perniciosa coding for proteins
without known functions in this fungus. If this assumption is
true, it is probable that the sequencing of new fungal mito-
chondrial genomes will lead to the identification of
homologues.

Phylogeny

Concatenated sequences have been used successfully in phy-
logenetic analysis based on mitochondrial genes (Woo et al.
2003; Kouvelis et al. 2004). The phylogenetic analysis of the
known fungal mitochondrial genomes is in accordance with
recent studies using mitochondrial genes (Woo et al. 2003;
Kouvelis et al. 2004), even considering the limited number of
available complete genomes of Basidiomycota. Also, it concurs
with the same type of analysis performed using genomic
genes (James et al. 2006).

The phylogenetic tree built with the polymerase genes
present in the plasmid region show a completely different pic-
ture. The species segregates into two groups according to the
type of plasmid, kalilo-like and non-kalilo-like (Fig 7, right and
left, respectively). Both groups have members of the Ascomy-
cota and Basidiomycota not following the phylogenetic analysis
using the cox mitochondrial genes (Woo et al. 2003; Kouvelis
et al. 2004) or genomic genes (James et al. 2006). The most
significant finding is the segregation of the plasmids in two
groups. This segregation suggests an ancient duplication of
these plasmids, before the separation of Ascomycota and
Basidiomycota, following a separate evolutionary path
independently of the host.

Synteny

Fungal mitochondrial genomes do not show an overall high
degree of synteny (Kouvelis et al. 2004), in contrast to the
metazoan mitochondrial genomes that show the same gene
content and order (Boore 1999). Significant synteny has been
described for species belonging to the classes Sordariomycetes
(Kouvelis et al. 2004) and Eurotiomycetes (Cardoso et al. 2007).
These data indicate that, at least at the level of class, some
fungal mitochondrial genomes from Ascomycota show signifi-
cant synteny. In the case of Basidiomycota, the number of
sequenced mitochondrial genomes is significantly lower, but
out of six genomes three of them belong to the class Agarico-
mycetes. The analysis of the content and order of genes did
not show an overall synteny in this case, in contrast to what
happens in the case of the Sordariomycetes and Eurotiomycetes,
which have clear synteny. Although we have very limited
data, they seem to indicate that some groups of Basidiomycota
are more diverse than some groups of Ascomycota.
Conversely, we have recently sequenced the complete
mitochondrial genome of Moniliophthora roreri, a species very
close to M. perniciosa. A preliminary analysis showed that, in

this case, all known conserved genes present the same order
in the two genomes (result not shown) indicating a high
degree of synteny. Taken together, our data indicate that syn-
teny is not a general feature of the Basidiomycota mitochon-
drial genome and that possibly gene order is mixed during
speciation.

Mitochondrial plasmid

Many filamentous fungi have mitochondrial plasmids
(Griffiths 1995). These plasmids do not appear to have any
phenotypic effect on their hosts with a few exceptions
(Bertrand 2000; Griffiths 1992). These include the mitochon-
drial plasmids pKALILO of Neurospora intermedia (Bertrand
et al. 1985, 1986), pMARANHAR of N. crassa (Court et al. 1991),
and pAL2-1 of Podospora anserina (Maas et al. 2004). These plas-
mids have a typical invertron structure (with long inverted re-
peats) and affect the life span of their hosts. Neurospora strains
normally do not senesce, but those carrying one of the mito-
chondrial plasmids pKALILO or pMARANHAR die in two to
three weeks. This is associated with mitochondrial instability
and insertions of the plasmid into the mitochondrial genome
(Bertrand et al. 1985, 1986; Myers et al. 1989; Rieck et al. 1982),
and for that these mitochondrial plasmids have been named
senescence plasmids (Griffiths 1992). In the naturally senes-
cent species P. anserina, insertion of pAL2-1 in strain AL2 is
correlated with an increased life-span, and therefore, this mi-
tochondrial plasmid has been named life-span-prolonging
plasmid (Hermanns et al. 1994). However, this life-span exten-
sion requires more than the presence of pAL2-1, as the major-
ity of natural isolates containing pAL2-1 homologous
plasmids do not show this effect (van der Gaag et al. 1998).
This process seems to be a combination of the insertion of
the plasmid and a complex set of mitochondrial DNA rear-
rangements, including two insertions of the plasmid and
a 3.6 kb deletion of the region between the cytb and atp6 genes
(Osiewacz et al. 1989; Hermanns & Osiewacz 1992). This pro-
cess may have stabilized the plasmid sequence as an integral
part of a mitochondrial genome, which thereby may have ac-
quired new functions.

We detected possible sequence rearrangements in the
neighbourhood of the plasmid region of the Moniliophthora per-
niciosa mitochondrial genome. Typically, the length of
inverted repeats found in linear plasmids is around 1000 bp
(Griffiths 1998). The plasmid region in M. perniciosa shows
four sets of inverted repeats, two smaller (130 bp) and two
larger (347 bp), and three conserved hypothetical ORFs located
between the smaller and the larger repeats (Fig 4A). It seems
that these ORFs were inserted inside the inverted repeats dis-
rupting them, creating the new four smaller inverted repeats.
Also, four non-conserved, hypothetical ORFs are located just
after the last of the larger inverted repeats in the same region
of the genome that is defined by its lower GC content and
a change in direction of the GC skew (Fig 3). It is interesting
to note that two of the conserved hypothetical ORFs, hypP1
and hypP3, present a significant degree of similarity and they
are located at the inner part of the extremities of the region
delimited by the larger inverted repeats, their coding region
starts just inside the inverted repeats, and they present oppo-
site orientation. Also, the non-conserved hypothetical ORFs
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Fig 8 - Macroscopic morphology of young (left) and old (right)
cultures of Moniliophthora perniciosa grown in rich media.

hyp58 shows significant similarity with hypP1 and hypP3.
There are two more non-conserved hypothetical ORFs, hyp57
and hyp28, with opposite orientation and significant similar-
ity. The existence of ORFs between the inverted repeats is an
indication of an integration-recombination event that took
place in this region. We believe that this event disrupted the
typical inverted repeats present in linear plasmids, and as
a consequence, the plasmid became stably integrated and
remained part of the genome. Also, the non-conserved, hypo-
thetical ORFs with significant similarity and opposite
orientation indicate the occurrence of such integration-
recombination events at this region of the genome.

Some symptoms that characterize fungal ageing are
a decrease of growth rate and fertility, a reduction in the for-
mation of aerial hyphae, and an increase in pigmentation.
Except for the fertility, which has not been studied, all of the
other symptoms have been observed in M. perniciosa growing
in the laboratory (Fig 8). We are currently studying this process
in order to see whether it can be characterized as senescence.
Ageing in Neurospora is linked to the process of integration-
excision of the linear plasmids (Osiewacz et al. 1989;
Hermanns & Osiewacz 1992). Our sequencing data showed
that the plasmid in M. perniciosa is stably integrated, thus,
the origin of the ageing process observed in this fungal species
seems to be different from that provoked by the linear plas-
mids in Neurospora.

The plasmid exists in all the isolates of M. perniciosa ana-
lysed indicating that it is an integral part of its mitochondrial
genome. The GC content and GC skew indicate that the inte-
gration of the plasmid is a recent event and that the sequence
is not adapted to the rest of the mitochondrial genome, thus
maintaining some of its original features. It would be interest-
ing to know the behaviour of the species before the integration
of this element in its mitochondrial genome.

In our survey of many isolates of M. perniciosa from diverse
geographical origins, we consistently found the plasmid inte-
grated in the mitochondrial genome and concluded that this is
a feature of the species, mitochondrial genome. Remarkably,
a preliminary analysis of the mitochondrial genome of the
close species M. roreri showed a high degree of similarity be-
tween both genomes (a similarity of 57 % for the comparison
of M. roreri with M. perniciosa) but, curiously, the plasmid re-
gion was not present (not shown).

Although speculative, we believe that the insertion could
confer some evolutionary advantage to the species. If this

was not the case, the insertion would have suffered a negative
selection or, as happens in P. anserina, we would have two
types of isolates: one without the integrated plasmid and
one with it in the mitochondrial genome.

In summary, we described in this work the largest basidio-
mycete mitochondrial genome sequenced so far. This genome
has some remarkable features, such as the presence of puta-
tive new mitochondrial genes and the stable integration of
a complete linear plasmid sequence. We are currently investi-
gating how these elements can contribute to the physiology of
this fungus.
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Abstract

Background: The basidiomycete fungus Moniliophthora perniciosa is the causal agent of Witches'
Broom Disease (WBD) in cacao (Theobroma cacao). It is a hemibiotrophic pathogen that colonizes
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the apoplast of cacao's meristematic tissues as a biotrophic pathogen, switching to a saprotrophic
lifestyle during later stages of infection. M. perniciosa, together with the related species M. roreri, are
pathogens of aerial parts of the plant, an uncommon characteristic in the order Agaricales. A
genome survey (1.9% coverage) of M. perniciosa was analyzed to evaluate the overall gene content
of this phytopathogen.

Results: Genes encoding proteins involved in retrotransposition, reactive oxygen species (ROS)
resistance, drug efflux transport and cell wall degradation were identified. The great number of
genes encoding cytochrome P450 monooxygenases (1.15% of gene models) indicates that M.
perniciosa has a great potential for detoxification, production of toxins and hormones; which may
confer a high adaptive ability to the fungus. We have also discovered new genes encoding putative
secreted polypeptides rich in cysteine, as well as genes related to methylotrophy and plant
hormone biosynthesis (gibberellin and auxin). Analysis of gene families indicated that M. perniciosa
have similar amounts of carboxylesterases and repertoires of plant cell wall degrading enzymes as
other hemibiotrophic fungi. In addition, an approach for normalization of gene family data using
incomplete genome data was developed and applied in M. perniciosa genome survey.

Conclusion: This genome survey gives an overview of the M. perniciosa genome, and reveals that
a significant portion is involved in stress adaptation and plant necrosis, two necessary
characteristics for a hemibiotrophic fungus to fulfill its infection cycle. Our analysis provides new
evidence revealing potential adaptive traits that may play major roles in the mechanisms of
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pathogenicity in the M. perniciosa/cacao pathosystem.

Background

Moniliophthora perniciosa, previously known as Crinipellis
perniciosa (Singer) Stahel, is a hemibiotrophic basidio-
mycete (Tricholomataceae, Agaricales, Marasmiaceae)
fungus that causes Witches' broom disease (WBD) in
cacao (Theobroma cacao 1..) [1-3]. WBD and frosty pod rot
(FPR), caused by Moniliophthora roreri, are the most devas-
tating diseases of cacao in the Americas [4]. Cacao produc-
tion in southeastern Bahia, the main production area in
Brazil, was severely affected by the introduction of WBD
at the end of 1980's [5]. This disease damaged Bahian
agribusiness, caused major social problems and has con-
tributed to the degradation of the Atlantic Rainforest
("Mata Atlantica"). This is because cacao producing areas,
typically, maintained old-growth native tree species as
shade for the cacao plantations, which were converted to
pasture [6].

The symptoms displayed by cacao plants during WBD
parallel the hemibiotrophic development of M. perniciosa
[7]. Briefly, the disease begins when fungal spores germi-
nate and infect meristematic tissues, developing into
monokaryotic biotrophic hyphae without clamp connec-
tions that slowly occupy the intercellular space. This stage
of WBD is characterized by the emergence of hypertrophic
and hyperplasic anomalous branches, and the formation
of parthenocarpic fruits. Infected branches, known as
"green brooms", grow without apical dominance, with a
phototropic orientation and displaying epinastic leaves
[7]. After two to three months the infected tissue turns
necrotic (dry brooms) and the hyphae become sapro-
trophic with two nuclei per cell and clamp connections,

invading the inter and intracellular spaces of the infected
tissue [6,8]. This fungal species exhibits primary homoth-
alism as its reproductive strategy [9]; thus, the change
from the monokaryotic to the dikaryotic mycelium occurs
without the prerequisite of mating between compatible
individuals. After alternate wet and dry periods, basidi-
omes produced by the saprotrophic hyphae release basid-
iospores that are spread by wind or rain, thus completing
the M. perniciosa life cycle [7].

The Witches' broom Genome Project http://
www.lge.ibi.unicamp.br/vassoura involving several Bra-
zilian laboratories was initiated to increase the knowledge
of this disease. The genome size, chromosomal polymor-
phism, genetic variability and the M. perniciosa mitochon-
drial genome have already been described [10-12].
Additionally, a biochemical study revealed the metabolic
modifications that occur in cacao plantlets during WBD
development [13]. Technical improvements have been
achieved in the manipulation of cacao [14,15] and M. per-
niciosa [16,17]. One of the main bottlenecks in M. pernici-
osa research was solved with the development of the in
vitro production of biotrophic-like cultures [18]. Necrotic
inducing proteins expressed by M. perniciosa have been
characterized [19], and the analysis of EST libraries and
DNA microarrays have identified differentially expressed
genes during its development [[20]; A.B.L. Pires et al.,
unpublished data] and for the interaction of the fungus
with cacao [21,22]. Despite the substantial progression in
understanding WBD, many questions remain unsolved,
mainly those concerning the mechanisms controlling
processes such as: (i) the fungal switch from biotrophism
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to saprotrophism; (ii) the drastic phenotypic alteration of
cacao during disease development and (iii) the death of
infected tissues. In vitro cultures in our laboratory demon-
strate that this fungus has a great capacity to adapt to
media containing different sources of carbon and nitro-
gen and it is able to grow in extremely nutrient-poor
media. These results together with the fact that hemibio-
trophic fungi, such as M. perniciosa, display complex life-
styles [23] suggest that this fungus has a significant
genomic and transcriptomic plasticity that contributes to
the successful pathogenic mechanisms expressed during
its life cycle. In a recent review, Meinhardt et al., give a his-
torical account and summarize the current state of knowl-
edge about WBD [24].

Around two thirds of the known Basidiomycota species
are included in the order Agaricales [25]. In addition to
being an interesting group for carrying out developmental
genetic studies concerning fungal development and repro-
duction, the Agaricales contain many important industrial
species (i.e., edible mushrooms, fiber bleaching fungus),
and species with unique lifestyles: saprophytes (i.e, wood-
decaying fungus Phanerochaete chrysosporium), symbionts
(i-e., ectomycorrhizal fungus Laccaria bicolor), leaf-litters
decomposers (i.e., Agaricus bisporus) and root pathogens
(i.e., Armilaria mellea). Interestingly, M. perniciosa and M.
roreri are members of a group of Agaricales species that are
able to infect aerial parts of plants, an uncommon charac-
teristic among this Basidiomycota order.

Genome sequencing and analysis is an important strategy
to obtain comprehensive information concerning the
metabolism and development of organisms. The initial
objective of the M. perniciosa Genome Project was to
obtain a genome survey sequence using a whole shotgun
strategy to provide genomic information for the WBD
research community. Recently, the bioinformatics and
genomic communities have been debating about the ben-
efits and costs of finishing a complete genome as com-
pared to applying a genome survey strategy [26-32]. It has
been proposed that a two-fold genome sequence coverage
is sufficient to support a high percentage of EST align-
ments and exon similarity matches [26,31]. Additionally,
gene models resulting from a genome survey can be pre-
dicted accurately by the comparison with complete
genomes of phylogenetically related organisms [26,31].
This strategy has been used for genomic surveys of dog
(1.5x coverage) [31] and of the wine spoilage yeast
Dekkera bruxellensis (0.4x coverage) [33]. Recently, the
genomes of the basidiomycete species Laccaria bicolor,
Cryptococcus neoformans, Ustilago maydis, Coprinopsis cine-
rea (Coprinus cinereus) and Phanerochaete chrysosporium
have been determined and many additional Basidiomy-
cota genome projects are ongoing or about to be released

http://www.broad.mit.edu/annotation/fgi; http://
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www.jgi.doe.gov, which could provide a rich database for
additional Basidiomycota genomic survey evaluations.

With the existence of several complete Basidiomycota
genomes, and both M. perniciosa ESTs libraries, and a 1.9
x genome coverage, we decided to conduct a genome sur-
vey of M. perniciosa to obtain further information about
this important phytopathogen. This report describes a sur-
vey of the genome sequences of M. perniciosa, with specific
emphasis on the genes potentially involved in disease
development such as a cytochrome P450 monooxygen-
ases, transposable elements, putative plant defense elici-
tors, pathogenicity effectors, cell wall degrading enzymes,
proteins related to methylotrophy and the biosynthesis of
plant hormones by the fungus. The identification of such
genes in the M. perniciosa genomic data lead us to hypoth-
esize a connection between molecular processes involved
in the growth phases of the fungus and the progression of
WBD.

Results and discussion

Genome assembly and estimation of genome size

A diagram flow describing the bioinformatic procedures
applied in the M. perniciosa genome survey are depicted in
Figure 1. After sequencing, a total of 124,565 reads were
obtained and assembled using the whole genome shotgun
strategy. During the initial assembly process, a large contig
including 6,920 reads was found. This contig was identi-
fied as the mitochondrial genome of the fungus (RefSeq
NC 005927), which comprised approximately 6% of M.
perniciosa sequences [12]. The remaining genome
sequences were assembled resulting in 17,991 contigs and
7,065 singlets with average lengths of 1,300 bp and 455
bp, respectively. The largest contig consisted of 25,364 bp,
and was formed by 513 reads. The sum of all reads was
close to 75 Mbp and the total assembly consisted of 26.7
Mbp (Fig. 1).

Previous Feulgen-image analysis experiments estimated
M. perniciosa genome size to be 32.98 + 7.95 Mbp [10].
Due to the large error in this estimation we decided to
assess the genome size using the genome estimation pro-
tocol established in the dog genome survey [31] (more
details in Additional File 1). This analysis resulted in a
genome size ranging from 38.7 to 39.0 Mbp, a value sim-
ilar to the genome length of another fungus belonging the
order Agaricales, C. cinerea (37.5 Mbp), and that agrees
with the previous size estimated by Feulgen-image analy-
sis [10].

The Lander Waterman theory (LW) [34] and its applica-
tions [35,36] were used to confirm the estimate of the M.
perniciosa genome size. The theoretical values for the
expected number of clusters (contigs + singlets), contigs,
gaps, average cluster length and average gap length can be
calculated using the LW theory from the effective average
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read length, the number of reads and the genome size as
parameters. If the calculated values derived from the
genome assembly were close to the theoretical values
derived from LW calculations, then it is possible to con-
firm the estimated genome size. A summary of the results
obtained from the assembly data and from the estimation
using the LW theory is shown in Table 1. The experimental
values agreed with the theoretical calculations, thus sup-
porting our genome size estimation. According to LW
analysis the average gap size was 413 pb. To have more
information about the distribution of the gap size, we per-
formed a comparison between a set of eukaryotic core
proteins (generated by CEGMA pipeline [37]) and M. per-
niciosa contigs (See Additional file 1). Using this method-
ology, we detected that the average gap size was around
500 + 300 bp, corroborating with LW average gap size esti-
mative (413 bp). Considering that most of the gaps are
around 500 bp and that C. cinerea average gene size is
1,678 bp, the majority of M. perniciosa genes or partial
gene regions are likely to be included in the contigs. Cor-
roborating this notion, we have found all genes encoding
proteins of essential metabolic pathways such as Glycoly-
sis, Gluconeogenesis, Pentose Phosphate pathway, and
several others, which are available in the website http://

www.lge.ibi.unicamp.br/biocyc/MP (see below).

In order to estimate the number of sequences misassem-
bled due to repeat regions, we applied the integrated pipe-
line for assembly validation, called amosvalidate [38]
(Further information in Additional file 1). This analysis
resulted in 664 contigs with overrepresented regions tota-
ling 1.1 Mbp. Multiplying the number of bases in overrep-
resented regions by over-coverage estimate resulted in 7.4
Mbp of repeat regions in the genome. Since reads from
repetitive regions were eliminated from the estimation of
the genome length using dog genome survey protocol
(Additional file 1), this misassembling does not invali-
dates the genome size estimate.

Gene content

The initial step to uncover the gene content of M. pernici-
osa was performed using the genomic sequences together
with a library of 3,145 ESTs, previously annotated and
partially published [20]. Genes were identified by com-
paring these two libraries using the program Exalin [39].
This analysis allowed us to identify expressed genes and
intron structure. The result was 2,002 ESTs aligned to the

137

http://www.biomedcentral.com/1471-2164/9/548

genome contigs. Based on this EST-genome sequence
alignment, the average intron length was estimated as 52
bp. This information was then used in the next steps of the
process.

A more detailed investigation of the gene content was car-
ried out using a combination of ab initio (gene predictor
programs) and comparative gene prediction (BLAST-EST
sequence alignment). For ab initio gene prediction, we first
applied the methodology described for the AUGUSTUS
gene predictor [40]http://augustus.gobics.de/binaries/
retraining.html. This methodology essentially trains the
AUGUSTUS program using a combination of sequences
from the species of interest together with sequences of a
phylogenetically related species, specifically with similar-
ities in intron and exon length distributions. Using this
approach, the coding content sensors (codon usage, GC
content) are trained with sequences of the species of inter-
est, and signal sensors (splice sites, TATA-box, polyadeni-
lation sites, etc) are trained with the sequences of the
related species. Sequences from C. cinerea were used in the
training process; together with selected M. perniciosa ESTs
with E-value in BLASTX-NR < 1E-10. The sequences of the
ESTs that aligned with proteins in the databank were con-
catenated, giving rise to a 240 Kbp sequence. Ten copies of
this M. perniciosa EST concatamers (total of 2.4 Mbp)
together with a dataset of genes from C. cinerea http://
augustus.gobics.de/datasets, comprised of 1.2 Mbp, were
used to "pre-train" AUGUSTUS. The M. perniciosa predic-
tions that came out of this pre-training were compared
with the protein databank NR using BLASTp. The resulting
predictions with similarities in the NR databank, and with
a coverage > 90%, were selected. After eliminating redun-
dancies, 134 complete (containing the start codon and
stop codon) and 1,136 partial (without the start codon
and/or stop codon) M. perniciosa gene models were used
to train AUGUSTUS [40] and two other gene predictors
(SNAP [41] and Genezilla [42]). Predictions with less
than 30 amino acids were eliminated. The remaining pre-
dictions were grouped into 19,932 overlapping clusters;
thatis, genomic regions covered by at least one prediction.
The predictions in each overlapping cluster were ranked
according to the criteria used by the Fungal Genome Initi-
ative at the Broad Institute http://www.broad.mit.edu,
with some adaptations. The ab initio gene finding pipeline
generated 13,640 gene models, 9,560 of which contained

Table I: Comparison between assembly values and values calculated using Lander Waterman theory

Calculated from assembling

Calculated from LW theory

# Clusters (contigs+singlets) 25,056
# Contigs 17,991
# Gaps -
Average cluster size (bp) 1,065

Average gap size (bp) -

24,950
18,370
24,951
1,152
413
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significant similarity to GenBank sequences (Fig. 1 and
Fig. 2).

The extrinsic prediction methodology consisted of a com-
bination of genomic similarity searches (BLASTX) using
contigs and singlets, with the alignment of M. perniciosa
ESTs in the genomic clusters. 17,991 contigs and 7,065
singlets were submitted to similarity analysis in a data-
bank containing BLASTX-NR plus P. chrysosporium pro-
teins. The genomic regions containing homologues in this
databank were selected and exon-intron boundaries were
determined. We also selected the alignments between
ESTs and genomic clusters. Then, we evaluated if there was
a superposition of BLAST alignments and EST alignments.
After this analysis, the extrinsic prediction methodology
revealed 12,249 gene models. Most of these gene models
(9,560) were also predicted by the ab initio gene predictor
programs. Of the 2,689 remaining gene models not pre-
dicted by the gene predictor programs, 1,789 presented
significant similarity to sequences deposited in the Gen-
Bank (E-value < 1E-10) and 900 did not have any signifi-
cant similarity in the GenBank (E-value > 1 E-10) (Fig. 1
and Fig. 2). One of the reasons why these genes were not
detected by the gene prediction programs could be the
presence of low quality sequences that may have lead to
frameshifts, thus making them impossible to detect by
these programs. The total number of gene models
obtained using both approaches, ab initio and extrinsic
predictions, is 16,329. Assuming that the average contig
length is 1.3 Kbp and the average gap length is 413 bp, it
is possible that this total number of gene models (16,329)
represents an overestimation. For instance, in our assem-

Ab initio Gene Models
13640

Extrinsic Gene Models
12249

2689

(900 + 1789)

4980 *+ 11349

16329

Figure 2

Number of M. perniciosa gene models predicted by
ab initio and/or extrinsic prediction methods. Left
ellipse: gene models predicted by ab initio methods. Right
ellipse: gene models predicted by extrinsic methods. The
intersection contains gene models detected by both meth-
ods. Underlined: number of gene models with BLASTX-NR
E-value similarity < le-10. In italics: number of gene models
with BLASTX-NR E-value similarity > le-10.
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bly a gene with > 2 Kbp (protein ~700 aa) could be repre-
sented by two gene models, with each one in different
contigs, which suggests a possible redundancy in this gene
model prediction. Thus, it is very likely that the real
number of gene models will be less and closer to the ab
initio or extrinsic predictions separately. However, to
obtain the maximum amount of information, we decided
to evaluate the results of similarity searches in GenBank
(BLASTX-NR) for all 16,329 gene models. As a result,
69.5% (11,349) of the gene models showed significant
sequence similarity (E-value < le-10) to GenBank pro-
teins. The remaining 30.5% (4,980), designated as "no-
hits", were sequences with lower E-value scores (E-value >
le-10). Of these gene models 4,080 were predicted with
the ab initio gene predictors and 900 with the extrinsic pre-
dictions (Fig. 1 and Fig. 2).

As expected, BLASTX analysis against available complete
fungal genomes showed that M. perniciosa gene models
present higher similarity to genes from Basidiomycota (L.
bicolor, C. cinerea and P. chrysosporium) than those from
Ascomycota (Table 2).

In order to find groups of similar proteins in our dataset,
we applied a Markov Clustering (MCL) algorithm [43] to
the M. perniciosa gene models. Although the output by this
method is not highly reliable, they correlate well with
"real" gene families and can be applied efficiently to clus-
ter large quantities of genes in a high throughput fashion
[44,45]. MCL also helped to the assemble genes without
similarity in the GenBank into gene families, which are
described in the following sections.

Those gene models that were not grouped into gene fam-
ilies by the MCL algorithm have been compared with the
genome of C. cinerea in order to discard those genes with
parts of their sequences present in more than one contig.
In order to perform this comparison (TBLASTN) we
assume that the length distribution of M. perniciosa pro-
teins is similar to those from C. cinerea. In this compari-
son we evaluated similar genes according to the length of
the protein (Fig. 3). This comparison showed that there is
a clear correlation between complete genes in C. cinerea
and M. perniciosa gene models coding for proteins smaller
than 300 aa. However, for larger proteins more than one
M. perniciosa gene model showed similarity to a single C.
cinerea protein, thus confirming the overestimation of the
number of gene models. Given the fact that the genome
sequence is incomplete, there is high probability that we
are predicting more than one gene model per gene.

In order to have a measurement of the overestimation and
use it to correct our database, the corresponding relation-
ship between the protein size and the number of gene
models was calibrated with the genome of C. cinerea using
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Table 2: Moniliophthora perniciosa predicted gene comparisons
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Organism Comparison

Genes with* BLASTX hits

Genes with Top BLASTX Hits

9910 (60.6%)
10649 (65.1%)
9311 (57.0%)
5904 (36.1%)
5645 (34.5%)
5488 (33.6%)
5454 (33.4%)
5127 (31.4%)
3296 (20.2%)
11349 (69.5%)

Laccaria bicolor

Coprinopsis cinerea
Phanerochaete crhysosporium
Fusarium graminearum
Magnaporthe grisea

Ustilago maydis

Cryptococcus neoformans
Neurospora crassa
Saccharomyces cerevisiae

All NR database

4811 (29.27%)
3281 (19.97%)
2021 (12.30%)
57 (0.35%)
39 (0.2%)
42 (0.26%)
78 (0.47%)
16 (0.10%)
4(0.02%)

* — Each M. perniciosa gene model was compared to all the proteins from the organisms listed in the table. BLASTX score was defined as le-10

the gene models unlinked to gene families identified by
the MCL algorithm (Fig. 3). A linear regression formula
was used to correct for the overestimation according to the
protein size. For example, proteins smaller than 300
amino acids will have only one model representing the
gene, while larger proteins will have one model and a frac-
tion of a second model representing its gene. This fraction
represents the overestimation of the number of gene mod-
els.

In order to estimate the gene density in M. perniciosa, and
deal with the overestimation evident by the previous anal-
ysis, we averaged the total number of gene models
obtained by the different predictions: ab initio predictions
(13,640), extrinsic predictions (12,249) and total number
of gene predictions (16,329). This resulted in 14,072 gene
predictions that were divided by the 39 Mbp estimated
genome size, which gave a gene density of approximately
2.77 + 0.37 Kbp/gene or 0.36 + 0.05 gene/Kbp for the
genome of M. perniciosa. Figure 4 depicts the gene density
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Figure 3

Correlation between the average number of M perni-
ciosa gene models and the length of C. cinereus pro-
teins.

comparison between M. perniciosa, two eubacteria (Xyllela
fastidiosa and Escherichia coli), one archea (Haloquadratum
walsbyi), an apicomplexan (Theileria parva), a primitive
chordate (Ciona intestinalis) and a series of fungal
genomes, and this showed that our gene density evalua-
tion is in agreement with gene density data of other fila-
mentous fungi [46].

The overall M. perniciosa genomic features are summa-
rized in Table 3. The genomic clusters of M. perniciosa were
submitted to NCBI (GenomeProject ID 28951, Locus-tag
prefix MPER) and the Whole Genome Shotgun project has
been deposited at DDBJ/EMBL/GenBank under the
project accession ABREO0O000000. The version described
in this paper is the first version, ABRE01000000.

Overall Functional Annotation and Metabolic maps

The number of gene models used for the functional anno-
tation and building of the metabolic maps was 16,329,
which represents the total number of gene models

Gene Density

1.2 Xylella fastidiosa
¥ g Haloguadratum walsbyi
Escherichia coli K-12

© Theileria parva

1 1 Saccharomyces cerevisiae
Schizosaccharomyces pombe
Candida Albicans
Cryptococecus neofermans

Ustilago maydis

Phanerochaete chrysasporium

Coprinopsis cinerea

Fusarium graminearum

Magnaporthe grisae
Neurospora crassa

Genes/Kb
(=3
K-

0 4 Mo, mfiapht(mra perniciosa

s Laccaria bicolor

Ciona intestinalis

0,2 %

0

1 10 100 1000
Genome Lenght (Mb)
Figure 4

Correlation of various organisms' genome size and
number of genes (Gene Density). Error bar in M. pernici-
osa data point depicts the Standard Deviation (SD * 0.05) of
Gene/Kbp ratio using ab initio predicitions, extrinsic predic-
tions and the sum of both predictions (see text).
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Table 3: Moniliophthora perniciosa genome survey features
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Genome survey features Values
Contigs 17,991
Contigs size (average) 1.3 Kbp
Singlets 7,065
Singlets size (average) 455 bp*
Sum of all reads 75 Mbp
Assembly size 26.7 Mbp
Estimated genome size 39 Mbp
Coverage 1.92x
Gene models

Ab initio gene models 13,640

Extrinsic gene models 12,249

Total gene models 16,329

Gene density

Average gene size
GC content overall
GC content coding
GC content non coding
Intron size (mode)
Intron size (average)
Exon size (mode)
Exon size (average)
AutoFACT annotation
Classified (Hits)
Assigned (Conserved expressed proteins)
Unassigned (Conserved hypothetical proteins)
Unclassified (No Hits)

2.77 Kbp/gene (SD + 0.39)
0.36 gene/Kbp (SD * 0.05)
651.4 bp

477

49.7

46.8

52 bp

63 bp

60 bp

166 bp

11,950 (73%)
7,416 (45%)
4534 (28%)
4379 (27%)

* — Singlet size after LUCY quality trimming (phred > 16).

obtained wusing ab initio and extrinsic predictions.
Although this number represents an overestimation of the
real number of genes (see above), it was used to maximize
the information acquired from these sequences. All data
obtained in the gene families and protein domain analy-
ses were corrected according to the normalization proce-
dure developed from the gene models not included in any
of the MCL families based on comparisons with the C. cin-
erea genome (see above).

The program AutoFACT [47], an automated annotation
tool, was used to evaluate the putative functions of M. per-
niciosa gene models. This program determines the most
informative functional description by combining multi-
ple BLAST reports from a number of user selected data-
bases, and provides a consensus result [47]. AutoFACT
classifies proteins as "classified proteins", which can be
"assigned" (containing similarity to proteins with anno-
tated function) or "unassigned" (containing similarity to
proteins with unknown function), and "unclassified pro-
teins" (without similarity to any other protein in data-
banks). Using this software, 73% of gene models (11,950)
were annotated as previously classified proteins. From
these 7,416 (45%) were assigned proteins, and 4,534
(28%) were classified as unassigned proteins, which can

be interpreted as a class of conserved hypothetical pro-
teins (Table 3). The remaining 4,379 gene models (27%)
were considered as unclassified proteins. The number of
gene models with E-value scores > le-10 obtained by
BLASTX-NR (no-hits, see previous section) was 4,980 and
represented 30.5% of the total number of models. The
result obtained with AutoFACT increased the number of
classified proteins by 3.5% (Fig. 1; Table 3). This indicates
that the use of domain classification databases is helpful
in the identification and annotation of gene models.

Additionally, we correlated the AutoFACT annotation
with the gene families assembled by the MCL algorithm.
As depicted in Table 4 and additional file 2, MCL data
indicated that the cytochrome P450 monooxygenase fam-
ily had the largest number of M. perniciosa members, fol-
lowed by a gypsy-like retrotransposon gene family, and a
gene family that has similarity to a C. cinerea hypothetical
protein (EAU86912.1) and to a shitake mushroom Len-
tinula edodes EST (EB016963). This new gene family
appears to be related to specific developmental traits of
the Agaricales. Also found were new gene families with
unknown functions based on their lack of homology with
GenBank sequences (Additional file 2; Additional File 3 -
Worksheet Unknown Gene Families). These families
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Table 4: MCL analysis of M. perniciosa gene models
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MCL family ID #members? Norm Factor? Norm #membersc Manual annotationd

| 175 1.24987 140 Cytochrome P450 monooxygenase
2 143 1.82632 78 Gypsy like-retrotranspon

4 84 1.35205 62 Conserved hypothetical protein

3 84 1.46889 57 Alcohol oxidases and GMC oxidoreductase
5 82 1.26479 65 Gypsy like-retrotranspon

6 76 1.57535 48 Serine threonine kinase

7 64 1.54312 41 Conserved hypothetical protein

8 59 1.54180 38 Conserved hypothetical protein

9 57 1.46370 39 Proteins containing WD-40 and NACHT domain
10 55 - - No hits protein family

I 52 1.34190 39 Cytochrome P450

12 50 1.52169 33 Serine threonine kinase

13 46 1.18098 39 Conserved hypothetical protein

14 43 1.21555 35 Cytochrome P450

15 41 1.45275 28 Carboxylesterase/lipase

16 39 1.67524 23 Gypsy like-retrotranspon

17 38 1.26598 30 Hexose transporter

19 35 I.11159 31 MFS transporter

18 35 1.43881 24 Splicing factor

20 32 1.17902 27 Laccase — Mulitcopper oxidase

a — Number of gene models present in each family

b — Normalization Factor used to normalize the number of gene models present in each family (see methods)

¢ — Normalization number of gene models present in each family

d — Manual annotation of MCL families according to BLAST similarity analysis

could possibly be linked to M. perniciosa physiological
characteristics.

A comparison of the gene models with the CDD-PFAM
databank [48] was performed to obtain information
about protein domains present in M. perniciosa proteins.
The data obtained were normalized using the procedure
described above. Cytochrome P450 monooxygenase was
the most prevalent protein domain assigned in M. perni-
ciosa (gnl|CDDJ|40168), followed by protein kinases
(gnl|CDD|40170), sugar transporters (gnl|{CDD|40184),
short chain dehydrogenases (gnl|CDD|40206) and car-
boxylesterases/lipases (gnl|CDD|40235) (Table 5; Addi-
tional File 4). The prevalence of Cytochrome P450
monooxygenase domains in the genome agrees with the
results of MCL analysis. CDD-PFAM analysis was also
used to evaluate the protein domains in other genome
fungi (Additional File 4). The comparisons between M.
perniciosa and the other fungi analyzed are described
below.

A hypothetical metabolic map of M. perniciosa was built
using BioCyc [49]. This analysis allowed us to annotate
235 metabolic pathways. These include 1358 enzymatic
reactions incorporating a total of 2139 enzymes http://

www.lge.ibi.unicamp.br/biocyc/MP. A comparison of this

metabolic map with the fungal model Saccharomyces cere-

visiae S288C (documented with 132 pathways, 925 enzy-
matic reactions, and 675 enzymes - http://
www.lge.ibi.unicamp.br/biocyc/comparatives/MP-SCER)
showed that M. perniciosa has more metabolic pathways
than S. cerevisiae; a result that corresponds to the smaller
genome size of S. cerevisiae and possibly the more com-
plex lifestyle of M. perniciosa. Interestingly, M. perniciosa
has a higher number of reactions involving O,, CO,,
H,0,, and NAD(P)+/NAD(P)H than S. cerevisiae, suggest-
ing a greater capacity to use and deal with oxidation-
reduction reactions (Additional File 5 - worksheet com-
pounds). We also detected reactions with farnesyl pyro-
phosphate and dimethylallyl-diphosphate, which are
involved in the biosynthesis of the secondary metabolites
such as isoprenoids and indoles. Moreover, according to
BioCyc analysis, M. perniciosa has more amino acid cata-
bolic pathways, alternative carbon sources degradation
and biosynthesis routes and C1 compounds (i.e., metha-
nol) utilization and assimilation reactions than S. cerevi-
siae (Additional File 5 - worksheet pathways). These
pathways are under manual annotation and will be pub-
lished on BioCyc web page. The existence of these path-
ways in M. perniciosa suggest ecological and physiological
adaptations to environmental stresses; to competition
present in its native habitat in the Amazon Basin, and to
traits that enable it to colonize cacao and trigger WBD.
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Table 5: Top 20 CDD-PFAM domains in M. perniciosa proteins
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CDD -1D2 Domain PFAMP #HitscDomains %Hits!PTN Ranke Norm Factor  #HitseDomains %Hits" PTN Norm Ranki Norm
Norm

gnl|CDD|40168  pfam00067, Cytochrome P450 256 1.57% I 1.3565 188.71427 1.15% |

gnl|CDD|40170  pfam00069, Protein kinase 141 0.86% 2 1.6059 87.80184 0.54% 2

gnl|CDD|40184  pfam00083, Sugar (and other) transporters 89 0.54% 3 1.6902 52.65651 0.32% 3

gnl|CDD|40206  pfam00106, adh short, short chain 84 0.51% 4 1.7141 49.00442 0.30% 4
dehydrogenase

gnl|CDD|40235  pfam00135, COesterase, Carboxylesterase 57 0.35% 5 1.4738 38.67603 0.24% 5

gnl|CDD|40207  pfam00107, ADH zinc N, Zinc-binding 43 0.26% 8 1.2398 34.68221 0.21% 6
dehydrogenase

gnl|CDD|40813  pfam00732, GMC oxred N, GMC 52 0.32% 6 1.5402 33.76192 0.21% 7
oxidoreductase

gnl|CDD|40345  pfam00248, Aldo ket red, Aldo/keto 41 0.25% 9 1.2881 31.83088 0.19% 8
reductase family

gnl|CDD|41245  pfam01 185, Hydrophobin, Fungal 26 0.16% 21 0.8460 30.73119 0.19% 9
hydrophobin

gnl|CDD|40253  pfam00153, Mito carr, Mitochondrial carrier 38 0.23% 12 1.3890 27.35860 0.17% 10
protein

gnl|CDD|40748  pfam00665, rve, Integrase core domain 50 0.31% 7 1.8943 26.39449 0.16% Il

gnl|CDD|40493  pfam00400, WD40, WD domain, G-beta 35 0.21% 13 1.5151 23.10130 0.14% 12
repeat

gnl|CDD|40179  pfam00078, RVT, Reverse transcriptase 39 0.24% I 1.7620 22.13448 0.14% 13

gnl|CDD|45101  pfam05199, GMC oxred C, GMC 28 0.17% 16 1.2741 21.97654 0.13% 14
oxidoreductase

gnl|CDD|40588  pfam0050 |, AMP-binding, AMP-binding 40 0.24% 10 1.8537 21.57819 0.13% I5
enzyme

gnl|CDD|41412  pfam01360, Monooxygenase, 25 0.15% 22 1.2253 20.40382 0.12% 16
Monooxygenase

gnl|CDD|40107  pfam00005, ABC tran, ABC transporter 33 0.20% 14 1.7198 19.18851 0.12% 17

gnl|CDD|40367  pfam00270, DEAD, DEAD/DEAH box 30 0.18% 15 1.5947 18.81230 0.12% 18
helicase

gnl|CDD|40419  pfam00324, AA permease, Amino acid 26 0.16% 20 |.4641 17.75798 0.11% 19
permease

gnl|CDD|41783  pfam01753, z-MYND, MYND finger 25 0.15% 23 1.4288 17.49737 0.11% 20

a — Number of CDD entry
b — Number and description of

PFAM domain

¢ — Number of gene models containing each CDD-PFAM domain

d — Percentage of gene models containing each CDD-PFAM domain in relation to total number of M. perniciosa gene models (proteins).
e — Non-normalized CDD-PFAM ranking
f — Factor used to normalize the number of gene models containing each CDD-PFAM domain (see methods)
g — Normalized number of gene models containing a CDD-PFAM domain
h — Percentage of normalized number of gene models containing each CDD-PFAM domain in relation to total number of M. perniciosa gene models (proteins)
i — Normalized M. perniciosa CDD-PFAM ranking
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Detoxification and general resistance mechanisms:
cytochrome P450 monooxygenases, efflux transporters
and anti-oxidative apparatus

Based on CDD-PFAM and MCL analyses gene members of
the cytochrome P450 monooxygenase superfamily are
prevalent in the genome of M. perniciosa (Tables 4 and 5;
Additional File 3 - Worksheet P450; Additional File 4).
Cytochrome P450 monooxygenases play a role in hydrox-
ylation and oxidation processes involved in biosynthesis
and degradation of different compounds [50]. Therefore,
a large number of gene models similar to cytochrome
P450 monooxygenases suggest a significant capacity for
synthesis of secondary metabolites, such as hormones or
toxins, and for detoxification. Among the fungi analyzed,
M. perniciosa has the highest number of cytochrome P450
monooxygenase genes (188 gene models) representing
1.15% of the gene models (Fig. 5A). Saproprotrophic
basidiomycetes P. chrysosporium and C. cinerea and the
hemibiotrophic ascomycetes Magnaporthe grisea and
Fusarium graminearum also have more than one hundred
cytochrome P450 monooxygenase genes representing
between 1.25% and 0.9% of their gene models (Figure 5A;
Additional File 4). The basidiomycete L. bicolor (an ecto-
mycorrhizal fungus) and the ascomycete Neurospora crassa
(a fire-scoured landscape colonizer) follow with fewer
genes. U. maydis (a biotrophic pathogen), C. neoformans
(an animal pathogen) and S. cerevisize (a fermentative
fungus) have the fewest cytochrome P450 monoooxygen-
ase genes of the fungi compared in this study (Fig. 5A;
Additional File 4). This analysis clearly demonstrates the
prevalence of cytochrome P450 monooxygenases in
saprotrophic and hemibiotrophic fungi, which have to
hydrolize complex wood polymers and deal with a highly
oxidative environment. As discussed by Gonzalez and
Nebert [50], cytochrome P450 monooxygenase polymor-
phisms may be the product of the "molecular warfare"
that occurs during the co-evolution of preys and preda-
tors, which produce toxins and detoxifying genes, respec-
tively. This logic can be extrapolated to the plant-fungus
interaction, and in that sense, we believe that the plethora
of cytochrome P450 monooxygenases in M. perniciosa
may be critical to detoxification and environmental adap-
tation as well as for disease development.

Another set of proteins related to detoxification processes
are the efflux transporters. Similarity searches in the Trans-
port Classification Database (TCDB -  http://
www.tcdb.org) [51] which compare the genome of M. per-
niciosa with other fungal genomes (Additional File 3 -
Worksheet Functional annotation and Worksheet Trans-
porters) verified an extended set of efflux transporters
from classes 3.A.1 (ABC superfamily) and 3.A.3 (P-type
ATPase Superfamily). The majority of ABC transporters
identified in M. perniciosa belong to the Pleiotropic Drug
Resistance (PDR) family and the ABC Conjugate (ABCC)
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Transporter family. These proteins have been associated
with fungal pathogenesis [52] and heavy metal resistance
[53]. The members of P-type ATPase superfamily in M.
perniciosa include phospholipid translocating ATPases
family and fungal ENA-ATPases transporters, which are
involved with the efflux of excessive Na*, and especially
K+, encountered by fungi during colonization of plants
[54].

During the plant defense, reactive oxygen species (ROS)
are produced to limit the pathogen invasion [55]. How-
ever, pathogenic fungi produce antioxidant enzymes that
enable them to neutralize host ROS. M. perniciosa contains
a myriad of O,-and H,0, decomposing enzymes such as
superoxide dismutases, catalases, peroxiredoxins, glutath-
ione-system, thioredoxin-system enzymes and manga-
nese dependent peroxidases (Additional File 3 -
Worksheet Functional Annotation). Therefore, this fungal
genome harbors a complete ROS detoxification system.
Reports indicate that H,O, favors necrotrophic pathogens
infection [56,57]. Furthermore, M. perniciosa produces
calcium oxalate crystals (COC) [58], and a cacao suscepti-
ble genotype accumulates COC during M. perniciosa infec-
tion, followed by a programmed cell death (PCD) [59].
The degradation of COC produces carbon dioxide and
,0,, suggesting that COCs can be important to necro-
trophic mycelia development. In addition, oxalate
chelates Ca?+, an important secondary plant defense mes-
senger and a key cross-linker of pectin in the middle
lamella pectin [60], and was found to be a trigger of PCD
in plants [61]. These findings suggest that oxalate favors
M. perniciosa infection by disorganizing plant defense and
plant cell wall structure, by facilitating the action of fungal
pectinases and possibly triggering PCD in the later stages
of WBD [59].

Genome variability: Mating-type genes and transposable
elements

Seven M. perniciosa gene models were found to be similar
to pheromone receptors (Additional File 3 — Worksheet
Functional Annotation). As a primary homothallic fun-
gus, M. perniciosa does not use its mating type system to
outcross, but probably to promote the formation of clamp
connections, hyphae dikaryotization and for the expres-
sion of pathogenicity genes as in U. maydis [62]. Previous
reports have indicated that M. perniciosa exhibits high
genetic variability at the molecular level [11,63,64]. This
level of variability may be the reason M. perniciosa over-
comes resistant genotypes of cacao, such as Scavina 6 [65].
Furthermore, it has been postulated that the genome var-
iability found in homothallic M. perniciosa may be due to
transposable elements (TEs) and ectopic recombination
guided by the numerous copies of these elements found
in the genome [10]. The fact that retrotransposons were
identified in EST libraries and differentially expressed dur-
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Comparison of M. perniciosa protein families with other fungi. (A) comparison between cytochrome P450 monooxy-
genases, carboxylesterases, deuterolysins, thaumatins and aegerolysins; (B) comparison of plant cell wall degrading enzymes
from fungi that interact with plants. Mp = Moniliophthora perniciosa, Lb = Laccaria bicolor, Cc = Coprinopsis cinerea, Pc = Phanero-
chaete chrysosporium, Um = Ustilago maydis, Mg = Magnaporthe grisea, Cn = Cryptococcus neoformans, Fg = Fusarium graminearum,
Nc = Neurospora crassa, Sc = Saccharomyces cerevisiae. The legend at the right refers to the nomenclature of plant cell wall
degrading enzymes according to CAZy http://www.cazy.org.
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ing M. perniciosa development [20], indicates that they are
active elements, which could contribute to genetic varia-
bility. Among the M. perniciosa TE families, Gypsy-like ret-
rotransposons were the most abundant, followed by
Copia-like retrotransposons (Tables 4 and 5; Additional
File 2; Additional File 3 - Worksheet Transposons). TEs
similar to P. chrysosporium Copia-like elements were found
in M. perniciosa genome inserted within putative cyto-
chrome P450 monooxygenase genes [66]. Curiously, they
were also inserted in a P. chrysosporium cytochrome P450
monooxygenase subfamily (Additional file 2 - family
255; Additional File 3 - Worksheet P450), suggesting that
these TEs may have a common ancestral origin in Basidi-
omycota. Retroelements of the tyrosine recombinase (YR)
order [67] and DNA transposons (class II transposons)
from CACTA [68], hATC [69,70] and Tc/Mariner [71]
superfamilies were also found. Finally, a previously
described Boto DNA transposon [M.V. Queiroz et al.,
unpublished data| from the PIF/IS5 superfamily [72] was
also identified in a MCL family (Additional File 2 - family
251; Additional File 3 - Worksheet Transposons).

Plant Hormonal Disarrangement: Fungal genes related to

plant hormones biosynthesis

There is growing evidence of phytohormones being pro-
duced by pathogens during some infective processes [73].
For instance, the production of gibberellins (GA); hor-
mones involved in the regulation of stem elongation, seed
germination, flowering and fruit maturation; have been
identified in phytopathogenic bacteria and fungi that
cause overgrowth symptoms, such as Giberella fujikuroi
and Sphaceloma manhiticola [74,75]. A search for homo-
logues of the fungal specific bi-functional ent-kaurene
synthase (CPS/KS) responsible for the two-step cyclation
of GGDP in fungi [76] identified gene models similar to
the N-terminal domain of G. fujikuroi CPS/KS but did not
detect any sequence similar to the C-terminal domain of
this protein in M. perniciosa. Another gene model similar
to CPS/KS that lacks the C-terminal domain was found in
the Aspergillus niger genome (AM270241.1). Genes similar
to GA-4 desaturase and GA oxidases (cytochrome P450),
part of a GA biosynthesis gene cluster present in G.
fujikuroi and Phaeosphaeria sp. were detected (Additional
File 3 - Worksheet Functional Annotation). Reinforcing
our data mining discover, is the fact that a gibberellin-like
compound was detected in basidiospores of M. perniciosa
[77]. We can theorize that the production of GA by M. per-
niciosa may confer the hyperplasic phenotype of the green
broom that resembles stem hyper-elongation caused by
GA-producing phytopathogens.

Another interesting discovery in the M. perniciosa genome
is the presence of genes encoding enzymes of two biosyn-
thetic pathways of indole-3-acetic acid (IAA), the most
abundant natural plant auxin. We found a gene similar to
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plant nitrilases (E.C 3.5.5.1) which catalyzes the direct
conversion of indole-3-acetonitrile into ammonia and
IAA. Additionally, potential genes for the IAA-producing
tryptamine pathway (one tryptophan decarboxylase, cop-
per amine oxidases and a hypothetical indole-acetalde-
hyde oxidase) were found (Fig. 6; Additional File 3 -
Worksheet Functional Annotation). Furthermore, a man-
ual annotation of EST libraries reveal the presence of an
aromatic amino acid aminotransferase, which could make
part of Indole-3-pyruvate IAA biosynthetic pathway (Fig.
6). IAA regulates many plant biological processes includ-
ing cell elongation and fruit ripening. Recently, the pres-
ence of IAA in M. perniciosa basidiocarps was reported
[78]. TAA is produced by other fungal phytopathogens
such as biotrophics U. maydis and Taphrina deformans and
hemibiotrophic Colletotrichum gloeosporioides sp. [79-81],
and induces filamentation and invasive growth in S. cere-
visiae [82]. Curiously, both Gibberellin and IAA induce
fruit parthenocarpy and act synergistically in plant organ
expansion [83], both of which are traits of WBD.

Cacao plantlets inoculated with M. perniciosa spores emit
higher levels of ethylene during the late stages of infection
than non-inoculated plants [13]. The plant hormone eth-
ylene stimulates elongation at low concentrations, and
senescence, fruit ripening, and epinasty at high doses [84].
Auxins stimulate the synthesis of ethylene [85], which
together with gibberellins have integrated actions in plant
cell death [86] and stem elongation during phytochrome-
mediated shade avoidance, a phenomenon that occurs in
response to the low red to far-red light ratios (R:FR) under
dense canopies [87]. We hypothesize that in a dense and
shaded environment, such as a cacao plantation, the low
R:FR ratio effects can be increased by the action of the
aforementioned phytohormones, explaining the shade
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Figure 6
Indole-3-acetate (IAA) biosynthesis pathways. M. per-
niciosa gene models are annotated in red.
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avoidance, hypertrophy, and elongation of green brooms.
The presence of genes related to plant hormones produc-
tion in M. perniciosa supports previous data [77,78] and
suggests that this fungus can influence the plant metabo-
lism and defense, by altering hormonal balance during
infection [73,88].

Pathogenicity: Fungal effectors and pathogenicity
associated proteins

As a pathogen that colonizes the plant apoplast during its
biotrophic stage, M. perniciosa may release elicitor or effec-
tor proteins into the extracellular medium, which in turn
could evade or suppress the plant defense response.
Throughout WBD, M. perniciosa produces proteins with
the potential to kill plant cells, thereby releasing their con-
tents, which are absorbed by the fungus during its sapro-
trophic stage. Thus, M. perniciosa uses a varied arsenal of
effector proteins in order to complete its infection cycle.
Although some phytopathogenic fungi deliver effector
proteins into the cytoplasm by means of haustoria [89,90]
this type of structure is absent in M. perniciosa. Therefore it
is possible that this fungus secretes these proteins into the
apoplast, as has been described for other fungi [91]. Effec-
tor proteins that are recognized by plant resistance (R)
proteins are known as avr proteins. No orthologues to the
known Ascomycota avr genes, not even the U. maydis
genes contained in "biotrophic clusters" [92], were found
in the genome of M. perniciosa. However, ab initio gene
prediction with peptide signal analysis revealed 70 "no
hits" small proteins containing secretion signals and at
least two cysteines (see methods, Additional File 6),
which is a common trait of many proteins that are deliv-
ered into the host apoplast by phytopathogens [93]. In
order to validate 22 selected ab initio predictions, we con-
ducted RT-PCR using RNA from M. perniciosa sapro-
trophic mycelia. We validated the expression of 13 gene
models out of 22 tested, all of which contained secretion
signals (Additional File 7 - Primers No Hits Cys protein).
Possibly, the gene models that were not confirmed by RT-
PCR are expressed in other developmental stages of the
fungus (basidiome, spore, etc.). Additional File 8 depicts
the amplification of three of these genes. Whether these
proteins play a role in the pathogenicity of M. perniciosa or
in elicitation of cacao defense remains to be elucidated.

M. perniciosa contains Necrosis and Ethylene inducing
proteins (NEPs) and cerato platanins [19,94], which can
actin conjunction with a series of proteinases, hemolysin-
like proteins and carboxylesterases/lipases found in the
genome (Additional File 3 - Worksheet Functional Anno-
tation). These proteins appear to be part of the destructive
arsenal of M. perniciosa. The most abundant proteinases
in the genome of M. perniciosa are deuterolysins, a type of
fungal metalloproteinases that are similar to bacterial
thermolysin [95]. Compared to other fungi indicates that
M. perniciosa has a deuterolysin expansion (13 gene
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models; Fig. 5A; Additional File 4), suggesting an impor-
tant role for these proteinases during this fungus develop-
ment.

We also identified a gene family similar to agaricales Pleu-
rotus ostreatus and Agrocybe aegerita hemolysin-like aegero-
lysins. These proteins have cytolitic properties [96] and
seems to play an important role at the initial phase of fun-
gal fruiting by making the fungal membranes permeable
during cell signaling [96]. M. perniciosa genome contain a
family of aegerolysins (6 aegerolysins; Fig. 5A; Additional
File 4). None of the other agaricales fungi analyzed (L.
bicolor, C. cinerea and P. chrysosporium) contain these pro-
teins. Even though we could not assess the genomic data
of the basidiomycete containing aegerolysins, we suggest
that the diversification of these proteins in WBD causative
agent indicates their importance in M. perniciosa develop-
ment or even in fungi defense and infective process.

Carboxyesterases and lipases are overrepresented in M.
perniciosa (Tables 4 and 5; Additional Files 2 and 4).
According to CDD-PFAM, M. perniciosa have 38 gene
models annotated as carboxylesterases, approximately
twice the number of such proteins in other basidiomycete
(ectomycorrhizal L. bicolor (15); saprobes C. cinerea (19)
and P. crhysosporium (14); and biotrophic U. maydis (12);
Figure 5A; Additional File 3); while the hemibiotrophic
ascomycete F. graminearum and M. grisea have 40 and 29
carboxylesterases, respectively. We postulate that the great
number of carboxylesterases and lipases in M. perniciosa,
F. graminearum and M. grisea is related to their hemibio-
trophic lifestyle. In fact, these enzymes are induced during
carbon and nitrogen starvation [97], and cell wall degra-
dation [98], two events that occur during hemibiotro-
phism.

Other genes associated with the plant-pathogen interac-
tion found in our analysis were similar to the SCP-like
superfamily proteins, which comprise pathogenesis
related (PR) proteins of family 1 (PR-1). Additionally,
gene models similar to PR-5/thaumatin superfamily were
also detected in the M. perniciosa genome (Additional File
3 - Worksheet Functional Annotation). PR proteins are
well described as associated with defense reactions in
plants against various pathogens [99]. For instance, trans-
genic plants overexpressing PR-1 proteins were more
resistant to oomycete infection [100] and some Thauma-
tin-like proteins (TLPs) have B-glucanase activity, inhibit
xylanase and have antifungal properties [101-103].
Recently, proteins similar to PR-1 and thaumatin have
been characterized in animals and fungi [104,105], indi-
cating a conserved and important role in diverse organ-
isms. Based on CDD-PFAM analysis, M. perniciosa
contains the largest number of thaumatins of any fungus
sequenced, so far (7 thaumatins, Fig. 5A; Additional File
4).
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Both PR-1 and PR-5 are induced by salicylic acid (SA) in
plants [99]. Curiously, the M. perniciosa necrotrophic
(saprotrophic) mycelia were found to produce and have
tolerance to SA in axenic cultures [70]. Plants with WBD
have a higher content of SA when compared with healthy
plants [106]. M. perniciosa tolerance to SA could be
explained by the expression of genes encoding salicylate
hydroxylases, which were also detected in the genome
(Additional File 3 - Worksheet Functional Annotation).
In this scenario, high levels of SA could block the synthe-
sis of jasmonic acid (JA), a defense compound against
necrotrophic pathogens that acts as a necrosis inducer,
thus rendering the plant susceptible to the spread of M.
perniciosa [78,106]. In addition, it is possible that SA and
SA-induced proteins (i.e., PR-1, PR-5) may act to limit
competition from other microbial competitors during
WBD progression, which would be an important compo-
nent of the M. perniciosa pathogenicity strategy.

Colonization: Plant cell wall degrading enzymes (PCWDE)
Degradation of hemicellulose, cellulose, pectin and depo-
lymerization of lignin are some of the mechanisms that
necrotrophic fungi use to colonize plant tissues [107]. We
identified genes encoding enzymes involved in degrada-
tion of hemicellulose and cellulose, including B-1,4 cellu-
lases, exocellobiohydrolases, endo-beta-1,4-xylanases and
endoglucanases; genes encoding lignolytic enzymes
including manganese dependent peroxidase and multi-
copper polyphenoloxidases (laccases); and genes encod-
ing enzymes involved in pectin degradation, such as
pectate lyases, polygalacturonases (pectinases) and pectin
methylesterases (pectinesterase) (Additional File 3 -
Worksheet Functional Annotation). M. perniciosa have an
arsenal of plant cell wall degrading enzymes that is similar
to that found in the hemibiotrophic pathogens F. gramine-
arum and M. grisea (Fig. 5B; Additional File 9). Biotrophic
U. maydis and symbiont L. bicolor have a minimal set of
PCWDEs what is in accordance with their lifestyle (Fig.
5B; Additional File 9).

Pectate lyases (PL1 and PL3 according to CAZy nomencla-
ture - http://www.cazy.org) cleave pectin, an essential
component of plant cell walls. Among the fungi analyzed,
F. graminearum and M. perniciosa contain the largest
number of PLs (Fig. 5B; Additional File 9). Unlike M. gri-
sea, the other hemibiotrophic analyzed, F. graminearum
and M. perniciosa does not have specialized structures
(appressoria) for non-enzymatic penetration of plants,
and colonizing the apoplast by breaching the middle
lamella barrier (Fig. 7). In addition, both are able to infect
dicotyledons that contain cell walls with larger amounts
of pectin than monocots [108]. This analysis suggests that
PLs have an important role for pathogens that colonize
the apoplast of dicotyledons.
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Insights into M. perniciosa intermediary metabolism and
WBD development

Pathogen energy status and the acquisition of host meta-
bolic compounds by the pathogen are factors that deter-
mine the outcome of disease onset. Therefore, enzymes of
M. perniciosa involved in intermediary metabolism (i.e.,
reactions concerned with storing and generating meta-
bolic energy) may have an important role during WBD
(Additional File 3 - Worksheet Functional Annotation).
During the first stages of WBD, M. perniciosa may encoun-
ter a nutrient-poor and extreme oxidative environment
containing host defense molecules, such as nitric oxide
(NO), an inhibitor of the cytochrome respiratory pathway
[109]. Under these conditions, the activity of a NO toler-
ant alternative oxidase (AOX) may constitute a critical
bypass mechanism for the cytochrome pathway [110-
112]. A single copy of AOX was detected in M. perniciosa,
and preliminary experiments indicate that this gene has a
higher expression in fungi grown in nutrient-poor media
(data not shown).

Following this scenario, in the low-energy status repre-
sented by the biotrophic phase, AOX may provide NAD+
for the turnover of the mitochondrial tricarboxylic acid
cycle (TCA) and the peroxisomal glyoxylate cycle (GLOX).
Many reports have documented the importance of GLOX
for phytopathogens during host infection [113-115]. All
genes coding for proteins of this enzymatic pathway are
present in the genomeof M. perniciosa, including the key
enzymes isocitrate lyase and malate synthase (Additional
File 3 - Worksheet Functional Annotation).

Curiously, M. perniciosa is able to use methanol as the
only carbon source (data not shown), indicating that this
fungus may have a methylotrophic metabolism. Methylo-
trophism have been extensively studied in methylo-
trophic yeasts such as Pichia angusta and recently
methanol oxidases (MOX) have been described in fila-
mentous fungi such as C. fulvum [116] and wood-degrad-
ing basidiomycete Gloephyllum trabeum [117]. A gene
encoding a MOX was identified in M. perniciosa genome
(Additional File 3 - Worksheet Functional Annotation).
Interestingly, this gene was previously detected as being
overexpressed in biotrophic-mycelia [20]. The methanol
catabolism enzymes formaldehyde dehydrogenase and
formate dehydrogenase (Additional File 3 - Worksheet
Functional Annotation) were also found in the genome,
which provides evidence that M. perniciosa indeed hydro-
lyzes methanol. Methanol is, possibly, derived from the
first step of pectin hydrolyzation performed by the cell
wall degrading enzyme pectin methylesterase [118], or
from demethylation of lignin that occurs after manganese
peroxidase and/or laccase action [117]. We can not dis-
count the possibility that the biotrophic fungi can use the
methanol produced by pectin metabolism during normal
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Molecular and cellular mechanisms
displayed by M. perniciosa during WBD

- Fungal penetration and adhesion
- Production of phytohormones

- Amino acid synthesis
- GABA allocation

- Proteolysis

- Glycerol allocation

- Nitrogen and carbon catabolite repression

Biotrophic stage

- Production of necrotic inducing proteins
- Expression of antifungal proteins

- Production of calcium oxalate crystals
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An illustrated hypothetical model for WBD. Model correlating classical symptoms of green and dry broom in the field
(A, C and E), M. perniciosa development inside cacao (B: biotrophic stage, D: transition from biotrophic to saprotrophic stage,
F: saprotrophic stage) and molecular and cellular events displayed by the fungus in each developmental stages, based on genes
annotated in genome survey (right side of the panel). Notice in B (right side) the presence of biotrophic mycelia in the apoplast
surrounded by intact living cells. Also notice in C the presence of biotrophic mycelia (arrowhead) and saprotrophic mycelia
(double arrowhead) inside a necrotic region. Micrographs scales: B left side: 15 uM; B right side: 25 uM; D: 50 uM; F: 50 uM.

cell wall synthesis in early stages of plant expansion [119].
The possibility that M. perniciosa is methylotrophic resem-
bles the methylobacteria nutritional strategy, which pro-
vides an ecological advantage over non-methylotrophic
microorganisms present in the phyllosphere [120].

Previous data indicated that the utilization of glycerol,
instead of fermentable sugars (i.e., glucose), is an impor-
tant environmental clue for the maintenance of the bio-
trophic stage [18,121]. Accordingly, our group detected
higher amounts of glycerol during the biotrophic fungal
phase of the green brooms development than in dry
brooms [13]. Additionally, in vitro assays showed that the

shift from glucose to glycerol media increased anti-oxida-
tive defenses of M. perniciosa mycelia [122]. This result
correlates well with green broom environment (high con-
tent of glycerol and ROS) raising the possibility that glyc-
erol is a critical metabolite during the initial stages of the
disease cycle. Genes involved in glycerol metabolism and
uptake are present in M. perniciosa, including a biotrophic
induced aquaglyceroporin transporter [20] (Additional
File 3 - Worksheet Functional Annotation), suggesting
that this fungus is able to acquire extracellular glycerol.

After 35 days of WBD, glucose levels increase again, con-
comitant with a reduction in starch levels [13]. We found
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a gene model similar to a secreted glucoamylase in the M.
perniciosa genome (Additional File 3 - Worksheet Func-
tional Annotation). Gibberellin is an inducer of a-amy-
lase production [123]. We can envisage a disease scenario
in which the fungus produces an extracellular amylase
and hormones (i.e., gibberellin) that triggers plant amylo-
lytic activity, which then decrease starch content. The
resulting glucose can be utilized by the plant since at this
stage the green brooms/infected tissues are rapidly grow-
ing or even be acquired by the pathogen at the transition
phase between biotrophic and necrotrophic stages.

Nitrogen starvation also appears to be a factor that influ-
ences the biotrophic lifestyle [124] and is associated with
the expression of pathogenicity genes and PCWDE,
mainly in hemibiotrophic and biotrophic fungi that deal
with nutrient deprivation during early infection [125].
Our data from microarray and EST analysis suggests that
nitrogen catabolite repression (NCR) occurs in M. pernici-
osa by the induction of GABA permease, tRNA synthetates
and AROM protein [20]. As reported previously [20]M.
perniciosa contains a gene homologous to CLNR1 from the
hemibiotrophic fungus C. lindemuthianum (Additional
File 3 - Worksheet Functional Annotation), a global nitro-
gen regulator that belongs to the AREA/NIT2 family.
CLNR1 activates enzymes and transporters that enable
uptake and catabolism of secondary nitrogen sources
[126]. The depletion of CLNR1 impaired the fungal switch
to necrotrophy [124], emphasizing the importance of
nitrogen catabolism in hemibiotrophic development. Our
genomic data mining identified a gene similar to NPR2,
which encodes a regulatory protein that may act upstream
of the AREA/NIT?2 protein (Additional File 3 - Worksheet
Functional Annotation). NPR2 is required for the expres-
sion of the M. grisea pathogenicity gene MPGI1 [127]. In
addition, genes that encode enzymes involved in alterna-
tive nitrogen sources uptake (i.e., GABA transporter, urea
permease and nitrate transporter) and metabolism (i.e.,
urease, nitrate reductase, nitrite reductase, arginase and
uricase) were identified (Additional File 3 - Worksheet
Functional Annotation). The presence of such genes in M.
perniciosa genome indicates that this fungus could allocate
and utilize alternative nitrogen sources in the absence of
preferential nitrogen sources (glutamine and ammonia)
reinforcing our hypothesis that M. perniciosa suffers NCR
during early stages of WBD.

Conclusion

Our analysis of the M. perniciosa genome survey yielded
interesting insights and clues into the molecular mecha-
nisms underlying WBD. As far as we know, this is the first
phytopathogen included in the order Agaricales
sequenced. Therefore, our results support the investiga-
tion of pathogenicity mechanisms among Agaricales and
Basidiomycete. In addition, we provide an approach for
normalization of gene family data in a genome survey that
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can aid the genomics community interested in functional
analysis in incomplete genome data.

Based on annotated fungal genes from this report and
from previous other studies, we designed a hypothetical
model for WBD that correlates plant phenotype changes
that happen during the disease with the developmental
progression of M. perniciosa (Fig. 7).

After penetration and adhesion to the plant, the bio-
trophic fungus slowly grows inside the apoplast causing a
series of phenotype changes in cacao, such as hypertrophy
and hyperplasia, phototropism and epinasty, by secreting
phytohormones that unbalance cacao metabolism (Fig 7A
and 7B). In addition, M. perniciosa has to deal with nitro-
gen deprivation in the apoplast, which signals the produc-
tion of proteins related to the acquisition of alternative
nutrient sources, proteolysis and amino acid synthesis.
Furthermore, the fungus takes advantage of the increasing
content of glycerol in the green broom, an important cue
for biotrophic stage maintenance, by expressing aquaglyc-
eroporins. As previously discussed [13], the starch accu-
mulated in early stages of green brooms seems to be
metabolized to glucose, which suggests an amylolytic
activity exerted by fungi and/or by plant amylases. This
increase of glucose is not accompanied by an increase of
fructose, but by a sucrose augmentation. Since photosyn-
thesis is not increased during WBD, we suggest that
sucrose is translocated from other tissues to the green
brooms. Therefore, we hypothesize that these mecha-
nisms cause a source-to-sink transition in stem, turning
green brooms into a drain of nutrients.

After numerous physiological and biochemical changes in
the plant, which may be caused by the fungal infection,
there occurs a transition from the biotrophic to the sapro-
trophic lifestyle (Fig. 7C and 7D). This change could result
from the increase of nutrients in the fungal environment
and may be controlled by an AREA/NIT2-like regulator.
During this transition phase, the plant displays the begin-
ning of necrosis at the distal portion of the leaves that
could be due to the action of NEPs and cerato-platanins
that are expressed in the biotrophic hyphae. In addition,
M. perniciosa produces PCWDEs, such as pectinases,
whose action aids the fungus in breaching the middle
lamella barrier. Pectin degradation releases methanol,
which in turn could be used by M. perniciosa as a carbon
source, through the action of a MOX and other methanol
metabolizing enzymes. Moreover, the calcium released
from pectin disruption could be scavenged by the oxalate
synthesized by the fungus, a compound that triggers cell
death. The release of cell content during necrosis, and the
probable aforementioned source-to-sink transition, may
influence, or even be indispensable to the M. perniciosa
switch from biotrophism to saprotrophism. Thus, the
postulated carbon and nitrogen catabolite repression dis-

Page 17 of 25

(page number not for citation purposes)



BMC Genomics 2008, 9:548

played by the biotrophic mycelia would be switched off,
thus causing the mycelial change to its invasive dikaryo-
tic/saprotrophic stage.

During disease progression, and mainly during coloniza-
tion of saprotrophic hyphae, M. perniciosa must deal with
an intense oxidative environment. Based on our analysis
this stress can be overcome by the action of several anti-
oxidative and detoxifying enzymes. Furthermore, we
believe that M. perniciosa exerts a negative control on plant
defense against necrotrophic/saprotrophic fungi by pro-
ducing salicylic acid, which would limit competition by
other fungi by the action of antifungal proteins. Finally,
after alternating wet and dry periods, the formation of the
basidiomes produced by saprotrophic hyphae occurs.

Latin American cacao crops suffer tremendous damages
caused by WBD, which mainly affects small acreage farm-
ers. Such impact in the relatively primitive cacao cultiva-
tion system not only affects the socio-economic status of
farmers but also the preservation of the rainforest. The
demand for strategies that limit cacao diseases requires an
intense effort in understanding the pathogenicity and
plant resistance mechanisms. Further sequencing projects
of cacao and its pathogens will serve as a background for
the integration of transcriptomics, proteomics and metab-
olomics of these species in a systems biology approach.
Such initiatives will provide tools for biological control,
crop management and cacao biotechnology to combat
cacao diseases. We believe that our report is the first step
towards such an integrative initiative and provides
insights into the molecular mechanisms of WBD which
can aid the cacao's WBD-concerned community to
develop control strategies for this plant-fungus interac-
tion.

Methods

Biological material, libraries construction and sequencing
Total DNA was extracted from saprotrophic hyphae of M.
perniciosa strain FA553 (CP02) maintained in Malt Yeast
Extract Agar (Difco) at 27°C. DNA was extracted from
grounded mycelia by incubation in CTAB buffer (CTAB
3%, NaCl 1.4 M, EDTA 20 mM pH 8.0, Tris-HCl 10 mM
pH 8.0, PVP 1.0%, 3-mercaptoethanol 0.2%) at 65°C dur-
ing 30 min; followed by one phenol:chloroform:isoamyl
alcohol (25/24/1) wash, precipitation with sodium ace-
tate pH 5.2 (0.1 Vol) and cold 100% ethanol (2 Vol).
DNA was eluted in deionized water and sheared by neb-
ulization and sonication into fragments of approximately
2 Kbp, which were size selected on agarose gels and puri-
fied with S.N.A.P. Gel Purification Kit (Invitrogen - Life
technologies, USA). DNA fragments were blunt-end
ligated into the pCR4Blunt plasmid (Invitrogen - Life
technologies, USA). Approximately 50 genomic libraries
were constructed, each one corresponding to individually
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growing cultures. Sequencing was done in an ABI Prism
3700 sequencer (Applied Biosystems, USA).

Clustering

The resulting chromatograms were submitted to the M.
perniciosa database and subjected to automatic base call-
ing using the software PHRED [128]. The contaminating
vector sequences and low quality shotgun reads, without
at least 100 bp with phred note > 16 were trimmed by
using the program LUCY [129]. Shotgun reads showing
significant sequence similarity (BLASTn, E-value > 1E-30)
with M. perniciosa mitochondrial sequences (see above)
were removed from subsequent assemblies. The clustering
and assembly were performed using the software PHRAP
http://www.phrap.org. Afterwards, low quality regions of
singlets previously evaluated by LUCY (the last window of
10 bp that has an average probability of error given by
phred < 10) were trimmed. The remaining clusters were
subjected to similarity searches against the NCBI non-
redundant protein and nucleotide database using the
BLASTx and tBLASTX, respectively, with an E-value cutoff
of 1E-5.

Genome Length Statistical Validations

Statistical analyses of the genome length were performed
using two approaches. The first one was based on the Dog
genome survey using counting of start positions offsets for
overlapping reads [31] (for further details see Additional
File 1). The second was based on Lander Waterman The-
ory, [34] and their applications [35,36], which estimate
the theoretical values of expected number of clusters (con-
tigs + singlets), contigs, gaps, average cluster size and aver-
age gap size, using the effective average read length (L),
the total number of reads in the assembly (N) and the esti-
mated genome size (G). L is the average number of base
pairs of a read that contributes to the contig through pars-
ing of ace file http://www.phrap.org. In our analysis L was
equal to 550 bp. In order to estimate the gap size distribu-
tion in the M. perniciosa genome survey, we performed a
comparison between a set of eukaryotic core protein (gen-
erated by CEGMA pipeline [37]) and M. perniciosa contigs
using TBLASTN with threshold of 1e-10 for the E-value
(Further details in Additional File 1). The estimation of
misassembled sequences due to repetitive regions in the
genome was performed using the integrated pipeline
amosvalidate [38] (Further details in Additional File 1).

Gene Finding

EST against genome alignments

The alignment of ESTs with genomic sequences was per-
formed using the package GeneSeqer [130] with the pre-
built Aspergillus intron model. 300 highly confident
introns were selected and used as an input for Exalin pro-
gram [39] that is able to build a splice site model for an
organism. The positions of the splice sites as assigned by
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Exalin were used to rank overlapping gene predictions
(see below).

Ab initio gene models prediction

The ab initio gene models prediction was performed with
the trainable, open source gene predictors AUGUSTUS
[40], SNAP [41] and GENEZILLA [42]. Ten copies of an
artificial sequence of 240 Kbp (total of 2.4 Mbp) formed
by the concatenation of the M. perniciosa ESTs coding
regions, together with a C. cinerea gene dataset containing
1.2 Mbp were submitted to "pre-training" in AUGUSTUS
gene predictor. M. perniciosa resulting predictions were
compared with the protein databank NR using BLASTp.
The predictions with similarities in NR, and with coverage
> 90%, were selected. After redundancy elimination, M.
perniciosa gene models were used to train the three gene
finders aforementioned. Predictions with less than 30
amino acids were eliminated, and the remaining predic-
tions were grouped in overlapping clusters.

Ab initio gene models ranking

The predictions in each overlapping cluster were ranked
according to the criteria used by the Fungal Genome Initi-
ative at Broad institute http://www.broad.mit.edu. In each
cluster, the "best" ab initio gene model according to the
stipulated criteria was selected for functional annotation.
The criteria for the ranking of the gene models were the
following:

1. Manual annotation had priority over all other evi-
dences;

2. Predictions with EST evidences had priority over the
predictions without EST evidences;

3. If two predictions had EST evidences, the one with
more splice sites in exact agreement with ESTs had prior-

ity;

4. Prediction with similarities with known proteins had
priority. A prediction was considered to be similar to
some known protein if it had an E-value of at most 1e-10
(BLASTP against NR+Phanerochaete chrysosporium protein
set);

5. If two predictions had similarity with known proteins,
the one with better coverage score had priority. The cover-
age score was defined as 2 x CP x CH/(CP+CH), where CP
is the coverage of the prediction and CH is the coverage of
the similar protein;

6. In clusters without similarity with known proteins and
without EST evidence, the priority was for AUGUSTUS,
SNAP and GENEZILLA, in this order. This criterion was
chosen according to the performance of the three pro-
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grams in a dataset of 60 genes structures visually
inspected.

A final filter discarded gene predictions reported by only
one program, without similarity to known proteins and
without EST evidence.

Extrinsic gene models prediction

The extrinsic gene model predictions were performed by
two methodologies. First, 17,991 contigs and 7,065 sin-
glets were submitted to similarity analysis in a databank
containing BLASTX-NR plus Phanerochaete chrysosporium
proteins. The genomic regions containing homologues in
this databank were selected and assigned as putative gene
models. GenomeThreader [131] program was used to
make protein-DNA spliced alignments between the
BLAST first hit against and the genomic sequence, serving
as a guide to delimit the start and stop codons and exon-
intron boundaries of the regions of the contigs containing
similarity with GenBank.

Concurrently, M. perniciosa ESTs aligned with genomic
clusters (see above) were inspected to verify if the region
in which they aligned contained a BLAST extrinsic predic-
tion gene model. These extrinsic gene models (EST and
BLAST) were compared with each other to evaluate the
amount of gene models predicted by these methods. After
these comparisons, the extrinsic gene models were
divided into 4 datasets:

(i) ESTMODELS: retrieved from the spliced alignments of
the ESTs against the genomic clusters not covered to a
BLAST extrinsic gene models prediction. Low score spliced
alignments and ESTs that seen clearly to be UTR of a
neighboring prediction were not included.

(ii) BLASTMODELS: derived from BLAST extrinsic gene
models predictions analysis covering genomic regions
without EST evidence.

(iii) COMBINEDMODELS: gene models derived from
genomic sequence regions with BLAST hit and EST evi-
dence.

(iv) CURATEDMODELS: extrinsic predictions manually
annotated for manual correction of merged or split pre-
dictions. The genomic survey and gene models nomen-
clature are depicted in additional file 10.

tRNA prediction

For tRNA prediction, the tRNAscan-SE program [132] was
taken into account with the default parameters, which
searched for conserved sequences and the characteristic
secondary structure of tRNAs.
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MClL-families clustering

MCL graph clustering algorithm was applied to generate
M. perniciosa gene families using WU-TBLASTx "all against
all" as the tool used for aligning the gene models [43].

Normalization of gene family data

The normalization of gene family data was performed by
comparison between C. cinerea proteins and M. perniciosa
gene models, using TBLASTN with 1E-10 of E-value
threshold. The number of gene models similar to a C. cin-
erea protein was plotted according to protein length. The
equation that estimates the number of gene models repre-
senting the same protein was generated using linear
regression fitting. This equation was used to estimate a
normalization factor to each MCL family and CDD-PFAM
domain according to the average of protein length of their
members.

Automatic Annotation and Metabolic Maps

The automatic annotation program AutoFACT [47] was
used for functional annotation of gene models. The set of
coding sequences from gene models were submitted to
similarity searches against the UNIREF100, UNIREF90,
NR, and KEGG databases using BLASTx (E-value < 1E-5)
and against CDD-PFAM using RPS-BLAST (E-value < 1E-
5) [48]. These results were submitted to AutoFACT, which
searches for a consensus in the results and output descrip-
tions and statistics about protein domains and families.

For an inference of M. perniciosa metabolic maps, we used
Pathway Tools (version 11.0), a software of BioCyc data-
bases [49], which generates a metabolic map from a pre-
viously annotated genome. The pathways that are
probably present in the genome are imported from a ref-
erence database, following the Pathway Tools parameters
[133]. The annotated genome input was obtained from
EST manual annotation and from M. perniciosa gene mod-
els AutoFACT annotation, using as main information the
product name and, if available, E.C. numbers. Metabolic
pathways of interest were manually annotated for the
elimination of false positives.

The analysis of transporters was made based on a BLASTX
search of M. perniciosa gene models and other fungal
genes against TCDB (Transport Classification Database —
http://www.tcdb.org), using a threshold of E-value 1E-05.
All classes from third level that contained at least one spe-
cies with 2% or more of representations were separately
represented in the results.

Selection and expression confirmation of no hits ab initio
gene models

The selection of ab initio gene models was performed
using a SQL query wizard. As input, we ask for gene mod-
els without similarity in GenBank NR, which encoded
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proteins that contained at least 2 cysteines and a signal
peptide, previously identified by Signal-P 3.0 program
[134]. 74 gene models were then selected and their nucle-
otide sequences were used as template for the design of
primers nested in: (i) the sequence encoding the putative
signal peptide (SPE); (ii) the sequence encoding the puta-
tive first amino acid of mature protein (MAT) and; (iii)
the sequence containing the putative stop codon (END).
The latter was designed in reverse complement ("reverse"
to allow gene amplification using the other two primers
("forward"). RT-PCR analysis was performed to validate
the expression of ab initio predicted gene models. RNA
from saprotrophic mycelia was extracted using hot-phe-
nol method with modifications [135]. Equal amounts of
total RNA from CPO02 saprotrophic mycelia cultures (24 h,
48 h, 4 days and 7 days) were mixed. After DNase (Invit-
rogen, USA) treatment, 2 pg of total RNA was reverse tran-
scribed using Superscript RTII (Invitrogen, USA) in a total
volume of 20 ulL, following the manufacturer's instruc-
tions. PCR reactions were conducted according to primers
(MWG, Imprint Genetics Corp) temperature of melting
(TMs).

Abbreviations

ABC: ATP Binding Cassette; AOX: Alternative oxidase; bp:
base pairs; COC: calcium oxalate crystals; CTAB: Cetyl tri-
methylammonium bromide; EDTA: Ethylenediamine-
tetraacetic acid EST: Expressed Sequence Tag; FPR: Frosty
Pod Rot; GA: Gibberellin; GABA: Gamma-aminobutyric
acid; GGPP: Geranylgeranyl Diphosphate; IAA: indole-3-
acetic acid; JA: Jasmonic acid; Kbp: One thousand base
pairs; LW: Lander Waterman; Mbp: One million base
pairs; MOX: Methanol oxidase; NAD(P): Nicotinamide
adenine dinucleotide phosphate; NCR: nitrogen catabo-
lite repression; NEP: Necrosis and ethylene-inducing pro-
teins; NO: Nitric oxide; PCD: Programmed cell death;
PCWDE: Plant cell wall degrading enzymes; PVP:
Poly(vinylpyrrolidone); ROS: Reactive oxygen species; RT-
PCR: Reverse Transcription-Polymerase Chain Reaction;
SA: Salicylic acid; PCR: Polymerase Chain Reaction; PR:
Pathogenesis related protein; TCA: Tricarboxylic acid
cycle; TE: Transposable Flements; TM: temperature of
melting; tRNA: transfer RNA; UTR: untranslated region;
WBD: Witches' Broom Disease.
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Additional material

Additional file 1

Genome statistical validations. A) Estimation of genome length using
dog genome survey protocol, B) Estimate of distribution of gap sizes in M.
perniciosa genome assembly, C) Estimate of misassembly sequences due
to repetitive regions.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-S1.pdf]

Additional file 2

MCL analysis of M. perniciosa gene models. All predicted proteins were
compared all-against-all using WU-TBLASTX. A score (-log (E-value))
for each pair of proteins (u, v) with significant BLAST hits (Evalue 1le-
5) was assigned. The MCL algorithm (inflation parameter 2.0) was
applied to find clusters in this graph. This method is fully automatic and
protein clusters reported were not subjected to manual curation. ID:
number of the MCL family; #members: number of gene models present in
each family; Norm factor: factor used to normalize the number of gene
models present in each family (see methods); Norm#members: normal-
ized number of gene models present in each family. Annotation: words
associated to each family after correlation of gene models with AutoFACT
annotation. In parenthesis are the occurrence numbers of each word. Each
worksheet shows the ranking of families using normalization factor
(Rank Norm) or not using this factor (Rank Non Norm).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-S2 xls]|
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Additional file 3

Functional annotation of M. perniciosa gene models discussed in this
paper. ID: gene model; First Hit (BLASTX-NR): Most similar sequence
in GenBank; E-value: E-value of most similar sequence; AutoFACT anno-
tation: automatic annotation by AutoFACT; AutoFACT E-value: E-value
of AutoFACT annotation; EST: presence (Y) or absence of an EST aligned
in this gene model; MCL family: family annotated by MCL analysis.
Worksheet P450: annotation of gene models similar to cytochrome P450
monooxygenases; Worksheet transposons: classification and annotation of
gene models similar to transposable elements; Worksheet unknown gene
families; annotation of top 20 MCL unknown gene families; Worksheet
functional annotation: classification and annotation of gene models sim-
ilar to efflux transporters, anti-oxidative enzymes, phytohormones biosyn-
thesis related proteins, pheromone receptors, salicylate hydroxylases,
effectors/elicitors/pathoghenicity associated proteins, cell wall degrading
enzymes and intermediary metabolism enzymes (cytochrome pathway
bypass, Glyoxylate pathway and oxalate formation, glycerol uptake and
metabolism, extracellular sugar degrading enzymes and nitrogen regula-
tion, uptake and metabolism enzymes), EC = enzyme classification http:/
[expasy.org/enzyme/; Worksheet transporters; Relative percentage of
transporters distribution in fungi genomes (see methods).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-S3 xls|

Additional file 4

Ranking of CDD-PFAM families annotated in M. perniciosa. Gene
models were annotated based on CDD-PFAM-ID and ranked. This anal-
ysis was performed with other fungi genomes, which CDD-PFAM entries
were classified according to M. perniciosa ranking. CDD-ID: CDD
entry; PFAM Domain: PFAM entry; #Hits Domains: number of gene
models containing each CDD-PFAM domain; %Hits Domains: percent-
age of gene models containing each CDD-PFAM domain in relation to
total number of gene models containing a CDD-PFAM domain; %Hits
PTN: Percentage of gene models containing each CDD-PFAM domain in
relation to total number of M. perniciosa gene models; Rank: non-normal-
ized M. perniciosa CDD-PFAM ranking; PTNS: proteins in each organ-
ism; Norm Factor: factor used to normalize the number of gene models
containing each CDD-PFAM domain; # Hits Domains Norm: normal-
ized number of gene models containing a CDD-PFAM domain; %Hits
Domains Norm: percentage of gene models containing each CDD-PFAM
domain in relation to total number of gene models containing each CDD-
PFAM domain; %Hits PTN Norm: Normalized percentage of gene mod-
els containing each CDD-PFAM domain in relation to total number of M.
perniciosa gene models; Rank Norm: normalized M. perniciosa CDD-
PFAM ranking. Worksheets show the ranking of CDD-PFAM domains
using normalization (Rank Norm) or not using normalization

(Rank Non Norm).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-S4 xls]|

Additional file 5

BioCyc comparison between S. cerevisiae and M. perniciosa meta-
bolic pathways. Worksheet Compounds: Comparison of number of reac-
tions in each organism containing the compounds described in the table;
Worksheet pathways: Comparison of number of pathways in each organ-
ism present in each pathway class. The two largest top-level classes, Bio-
synthesis and Degradation/Utilization/Assimilation, are broken down
further to show the distribution of pathways among their next-level sub-
classes.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-S5 xls]|
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Additional file 6

Annotation of gene models with no similarity in BLASTX-NR encod-
ing hypothetical small secreted proteins containing at least 2 cysteines.
ID: gene model; # residues: number of amino acids of predicted protein
encoded by the gene model; # cysteines: number of cysteines in predicted
protein; Binomial RT; statistical analysis of cysteines presence in gene
models (see methodological details in the file).

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-S6.xls]|

Additional file 7

Primers used in the amplification of no hits gene models encoding
hypothetical small secreted proteins containing at least 2 cysteines. ID:
gene model; Set of primers: Group of primers used for the amplication of
a gene model. Primer sequence: sequence of primers (SPE — nested in
sequence encoding the putative signal peptide; MAT — nested in sequence
encoding the putative first amino acid of mature protein; END — nested
in sequence containing the putative stop codon). Amplification: positive
(Y) or negative (N); EST: presence (Y) or absence (N) of an EST aligned
in this gene model; Length: length of amplicon in genomic and cDNA
using two combinations of primers (SPE-END; MAT-END).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-S7 xls]|

Additional file 8

Examples of amplifications of no hits gene models. PCR amplicons were
run on 1% agarose gels. SPE: amplicons resulted from amplification with
SPE and END primers; MAT: amplicons resulted from amplification with
MAT and END primers; Ctl: water as template (control); Gen: genomic
DNA as template; Glu: cDNA from saprotrophic mycelia grown in glucose
as template; Cac: cDNA from saprotrophic mycelia grown in cacao extract
as template; M: DNA molecular marker.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-S8.pdf]

Additional file 9
Comparison of plant cell wall degrading enzymes in fungi that inter-
act with plants. PFAM entries were correlated with the CAZy nomencla-

ture http://www.cazy.org of plant cell wall degrading enzymes.
Click here for file

|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-89.pdf]

Additional file 10

Genomic survey sequences and gene models nomenclature.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-S10.pdf]
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