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RESUMO

O cacaueiro se destaca como uma das principais culturas perenes na agricultura, sendo
economicamente relevante por fornecer a matéria prima para a fabricagdo do chocolate, um produto que
movimenta bilhdes de ddlares no mercado mundial a cada ano. Apesar de sua importancia, o cacaueiro é
drasticamente atacado por diversas doengas que diminuem sua produtividade e reduzem a qualidade das
améndoas do cacau. Dentre estas, a vassoura de bruxa, causada pelo basidiomiceto Moniliophthora
perniciosa, € um importante fator limitante da produgéo cacaueira nas Américas. Utilizando tecnologias de
sequenciamento de DNA de nova geragao, realizamos uma abrangente analise transcriptdmica da vassoura
de bruxa neste trabalho. Um banco de dados denominado Atlas Transcriptémico da Vassoura de Bruxa foi
construido, o qual compreende aproximadamente 60 bibliotecas de RNA-seq representativas dos mais
variados estagios de desenvolvimento, condi¢des de crescimento e respostas a estresse do fungo M.
perniciosa sob condigbes in vitro e in planta. O primeiro capitulo desta tese apresenta uma analise global do
Atlas Transcriptdbmico da vassoura de bruxa. Este conjunto de dados tem suportado uma série de estudos
especificos relacionados a variados aspectos da doenga, os quais sdo apresentados e detalhados nos
demais capitulos da tese. Notavelmente, uma analise detalhada da interagéo biotréfica entre o cacaueiro e o
fungo M. perniciosa (Capitulo Il) revelou a ocorréncia de intensa reprogramacao transcricional e importantes
alteracdes fisioldgicas em plantas infectadas, incluindo a ativagdo de respostas de defesa ineficientes e a
ocorréncia de privacdo de carbono. Curiosamente, um processo de senescéncia prematura se estabelece no
tecido infectado e parece ser um evento central no desenvolvimento da doenga, possivelmente disparando o
inicio da fase necrotréfica desta interagdo planta-patégeno. Ainda, nossos dados também permitiram a
identificacdo de potenciais efetores de viruléncia em M. perniciosa, como também a caracterizagao do status
metabdlico do fungo durante a infec¢gdo do cacaueiro. Um modelo detalhado que sumariza os aspectos
moleculares da vassoura de bruxa foi elaborado. De maneira geral, o Atlas Transcriptdmico da Vassoura de
Bruxa representa um importante avango no estudo desta doenga e tem servido como ponto de partida para
uma série de estudos adicionais. A utilizacdo destes dados na identificagdo e caracterizagao de potenciais
fatores de patogenicidade de M. perniciosa (Capitulos lll, IV e VI) e de mecanismos de defesa do cacaueiro

(Capitulo V) também é apresentada nesta tese.



ABSTRACT

Cacao stands out as one of the major perennial crops in the world, being economically relevant as
the source of chocolate, a multi-billion dollar product appreciated worldwide. Despite its importance, cacao is
seriously affected by several diseases that reduce crop yield and decrease the quality of cocoa beans.
Among them, the witches’ broom disease (WBD), caused by the basidiomycete Moniliophthora perniciosa, is
a major constraint for cacao production in the Americas. Using next generation sequencing technologies, a
comprehensive transcriptomic analysis of WBD was performed. We developed a database named “WBD
Transcriptome Atlas”, which comprises approximately 60 RNA-seq libraries that represent a wide range of
developmental stages, growth conditions and stress responses of the fungus, either under in vitro or in planta
conditions. The first chapter of this thesis presents a global analysis of the WBD Transcriptome Atlas. This
data set has supported a number of specific analyses related to several aspects of WBD, which are
presented and detailed in the other chapters of the thesis. Strikingly, a detailed analysis of the biotrophic
interaction between M. perniciosa and cacao (Chapter I) revealed the occurrence of intense transcriptional
reprogramming and remarkable physiological alterations in infected plants, including the activation of
ineffective defense responses and the occurrence of carbon deprivation. Curiously, a premature senescence
process is established in infected tissues and appears to be a central event in WBD, possibly triggering the
onset of the necrotrophic stage of this plant-pathogen interaction. Additionally, our data also allowed the
identification of potential virulence effectors in M. perniciosa, as well as the characterization of the metabolic
status of the fungus during cacao infection. A detailed model summarizing the molecular aspects of WBD is
presented. Overall, the WBD Transcriptome Atlas represents an important advance in the study of this
disease and constitutes a starting point for a number of additional studies. The use of these data in the
identification and characterization of potential pathogenicity factors of M. perniciosa (Chapters Ill, IV and VI)

and defense mechanisms of cacao (Chapter V) will also be presented in this thesis.



REVISAO BIBLIOGRAFICA

O cacaueiro

O cacaueiro (Theobroma cacao) pertence a familia Malvaceae sensu lato (Alverson et al.,
1999) e tem como centro de origem a regidao da Bacia Amazbnica (Motamayor et al., 2008;
Thomas et al., 2012). Na natureza, esta planta tem o aspecto semelhante a uma grande touceira,
devido ao desenvolvimento de muitas brotagbes que partem das raizes (Figura 1A). No entanto,
em plantios comerciais as plantas s&o conduzidas pela poda e assim adquirem um aspecto de
arvore (Figura 1B). As flores do cacaueiro (Figura 1C) sdo bastante pequenas, amarelo-
avermelhadas e inodoras, e nascem unidas aos ramos e tronco da planta. Seu fruto (Figura 1D)
contém de 30 a 50 sementes cobertas por uma polpa doce e mucilaginosa largamente utilizada na
producao de bebidas finas, geleias, sorvetes e sucos. Entretanto, a principal importancia do cacau
esta na utilizacdo de suas sementes (Figura 1E) como matéria prima para a producao de chocolate
(Bartley, 2005). A industria do chocolate movimenta bilhdes de dolares no mercado mundial todos
0s anos, o que faz do cacaueiro uma das culturas perenes de maior importancia na agricultura.

A domesticacdo do cacaueiro é bastante antiga e data do periodo anterior ao
descobrimento das Américas, sendo atribuida as civilizagdes Olmeca, Maia e Asteca (Hurst et al.,
2002; Henderson et al., 2007; Powis et al., 2011). Estas civilizagdes utilizavam o cacau para a
confecgdo de uma bebida especial (denominada xocolatl), preparada para uso em cerimdnias
solenes religiosas ou para a realeza. As améndoas do cacau eram consideradas tao valiosas que
foram utilizadas até mesmo como moeda. Além disso, o cacau também possuia valor divino para
estas civilizagdes, o que influenciou o botanico Carlos Lineu a classifica-lo como Theobroma cacao
(do grego, Theo = deuses; broma = alimento, ou seja, alimento dos deuses) (Paradis, 1979). Apds
a chegada dos espanhdis na América, o cacau foi levado a Europa, onde foi entéo utilizado para o
preparo do chocolate. Para possibilitar a manutencdo do novo habito, diversos paises europeus
passaram a cultivar o cacaueiro em suas colbnias ao redor do mundo, contribuindo para a

disseminagao da cultura para além da América (Coe & Coe, 1996).
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Figura 1. Caracteristicas gerais do cacaueiro. (A) Cacaueiro selvagem apresentando aspecto de touceira.
(B) Arvore de cacau cultivada com frutos. (C) Flor do cacaueiro, que se desenvolve no tronco da arvore. (D)
Detalhe de um fruto de cacau maduro. (E) Améndoas de cacau, principal produto de valor econdmico do
cacaueiro. Imagem adaptada de Thomazella et al. (2012b).

O cacaueiro estd adaptado a climas quentes e Umidos, sendo cultivado principalmente nas
Américas Central e do Sul, Africa e Asia. Atualmente, a Africa destaca-se como o principal
continente produtor, respondendo por mais de 70% de todo cacau produzido no mundo. Por outro
lado, os Estados Unidos e a Europa processam cerca de 50% da produgdo mundial, resultando em
um intenso fluxo comercial entre os paises produtores e os consumidores (Figura 2).

No Brasil, o cultivo do cacaueiro ocorre nos estados do Para, Rondénia, Espirito Santo e
principalmente no sul da Bahia, regido cuja produgcao corresponde a 75% do total nacional. Uma
importante caracteristica do cacaueiro é a necessidade de sombra para o seu desenvolvimento, o
que faz com que seu o cultivo seja realizado as sombras de arvores nativas. Este sistema de
cultura, denominado “cabruca”, tem importante papel na preservacao de trechos de Mata Atlantica

nas areas de produgédo (Lobdo et al, 2007). Atualmente, o Brasil produz cerca de 220 mil



toneladas de améndoas de cacau por ano, ocupando a sexta posicdo no ranking de producao,
atras de Costa do Marfim, Indonésia, Gana, Nigéria e Camardes. No entanto, até 1994 o Brasil
ocupava a segunda posicao neste ranking, chegando a produzir 400 mil toneladas por ano (ICCO,
2012). Esta redugdo na producao teve consideravel impacto econémico para o Brasil, que nao foi
capaz de suprir a demanda da industria chocolateira nacional e passou da condi¢cdo de exportador
para importador de cacau. O principal motivo desta queda produtiva foi a introducdo na Bahia da

doenga conhecida como vassoura de bruxa, causada pelo fungo Moniliophthora perniciosa.
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Figura 2. Produgdo mundial e exportacdo de améndoas de cacau em 2005/2006. Apesar de o cacau ser
produzido por paises em desenvolvimento nas regides tropicais do globo, a maior parte deste produto &
utilizada em paises desenvolvidos da Europa e nos Estados Unidos. A industria do chocolate depende ainda
de uma série de industrias acessorias, 0 que movimenta bilhdes de ddélares todos 0os anos no mercado do
chocolate. Imagem adaptada de Organizagao Internacional do Cacau (ICCO - http://www.icco.org).



Moniliophthora perniciosa e a vassoura de bruxa

O fungo basidiomiceto Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora pertence a
familia Marasmiaceae da ordem Agaricales (Aime & Phillips-Mora, 2005). Este fungo é originario
da Amazbnia e apresenta grande variabilidade genética e uma complexa biologia (Purdy &
Schmidt, 1996; Meinhardt et al., 2008). Atualmente, trés biotipos distintos s&o reconhecidos de
acordo com a especificidade de hospedeiros: O bidtipo S, patégeno de plantas da familia
Solanaceae, como a pimenteira e o tomateiro; o bidtipo L, patégeno de lianas; e o bidtipo C,
patdgeno de Theobroma spp. Este Ultimo é o agente etioldgico da vassoura de bruxa no cacaueiro,
que representa um dos principais fatores limitantes para a producdo de cacau nas Américas
(Purdy & Schmidt, 1996; Evans, 2007; Meinhardt et al., 2008). O primeiro relato desta doenga no
estado da Bahia ocorreu em 1989 e, a partir desse ano, a producao brasileira foi drasticamente
reduzida (Pereira et al., 1996). Considerando o grande potencial destrutivo da vassoura de bruxa,
uma possivel disseminagao desta doencga nos paises africanos poderia gerar uma grave crise no
mercado mundial de cacau e seus derivados.

Moniliophthora perniciosa possui ciclo de vida hemibiotréfico, apresentando duas fases de
desenvolvimento bem diferenciadas: uma biotréfica, em que infecta tecidos vivos do hospedeiro, e
uma necrotréfica, em que coloniza os tecidos mortos da planta (Figura 3). A infeccdo se inicia
quando basidiésporos do fungo germinam sobre tecidos meristematicos em atividade do cacaueiro
(Frias et al., 1991). Ao penetrar na planta, o patdégeno inicia sua fase biotrofica, apresentando hifas
mononucleadas sem grampos de conexdo (Silva & Matsuoka, 1999). Nesta fase, o fungo é
encontrado em baixa densidade no tecido infectado e cresce apenas no espaco intercelular (Calle
et al., 1982; Orchard et al., 1994; Penman et al., 2000). Os principais sintomas detectados no
cacaueiro sao hipertrofia, hiperplasia e perda de dominancia apical, resultando na formacao de

ramos anormais denominados “vassouras verdes”.

Estrutura utilizada para a transferéncia de nucleos entre células vizinhas em basidiomicetos.



Apo6s um periodo de 8 a 12 semanas, as vassouras verdes iniciam um processo de necrose
e morrem, sendo, entdo, denominadas “vassouras secas”’. O nome dado a doenca se deve a
semelhangca morfolégica entre os ramos mortos e vassouras. A morte do tecido infectado é
acompanhada da transigéo para a fase necrotroéfica do fungo (Evans, 1980; Meinhardt et al., 2008),
porém, ainda nao se sabe exatamente se esta mudancga de fase é causa ou consequéncia da
morte do ramo infectado. Ao contrario da fase biotréfica, a fase necrotréfica do patégeno apresenta
micélio binucleado com grampos de conexao e cresce intensamente, podendo ser encontrada no
interior das células do hospedeiro (Evans, 1980; Silva & Matsuoka, 1999). Apds periodos
intermitentes de chuva e seca, o fungo necrotréfico inicia a producédo de basidiomas (Wheeler,
1985; Almeida et al., 1997). Em seguida, ocorre liberagao de basididsporos que, levados por agua

ou vento, podem infectar outras plantas, reiniciando o ciclo de vida do patégeno.

Basidioma

Micélio biotréfico

Figura 3. Representacdo do ciclo de vida do fungo M. perniciosa. Basidiésporos germinam sobre tecido
meristematico do cacaueiro resultando na formagéo da vassoura verde, a qual € colonizada pelo micélio
biotréfico. A morte do tecido infectado € acompanhada pela mudancga para a fase necrotrofica do fungo. Este
tecido morto & denominado vassoura seca. Neste estagio da doenca sdo produzidos os basidiomas, que
liberam os basidiésporos, reiniciando o ciclo de vida do patdgeno.

Além da infecgdo de ramos em crescimento, que caracteriza os sintomas tipicos da
doenca, M. perniciosa também pode atacar outras estruturas do cacaueiro, incluindo frutos jovens
e flores (Evans, 1980). A infeccdo em frutos leva a um processo de amadurecimento alterado,
deformacao e posterior necrose (Baker, 1957). Em flores ocorre normalmente o desenvolvimento

de pequenos frutos partenocarpicos (Pereira, 2000). Nos diferentes tecidos, os sintomas



observados durante a fase biotrofica sugerem fortemente a ocorréncia de um desequilibrio
hormonal nesta etapa da doenca. Normalmente, apesar de causar a morte do tecido infectado, a
vassoura de bruxa n&o é letal para o cacaueiro. Porém, arvores infectadas parecem sofrer grandes
alteragbes fisiolégicas que influenciam diretamente na quantidade e qualidade dos frutos
produzidos, o item de valor econdmico do cacaueiro.

Muitos métodos para controle da doenga vém sendo utilizados, porém sem muito sucesso.
Dentre as tentativas realizadas destacam-se a poda fitossanitaria (Lima et al., 1991), o uso de
fungicidas (Bastos, 1989), o controle biolégico (Bastos & Dias, 1992) e o desenvolvimento de
variedades de cacau resistentes (Pires & Luz, 1995). No entanto, um plano viavel e efetivo para o

controle da vassoura de bruxa ainda nao foi implantado nas regides afetadas.

O Projeto Genoma Vassoura de Bruxa

Com o objetivo de gerar informacdes a respeito da biologia do fungo M. perniciosa e da
doencga vassoura de bruxa do cacaueiro, no ano 2000 foi iniciado o Projeto Genoma Vassoura de
Bruxa'. Sob coordenagado do Prof. Dr. Gongalo Amarante Guimaraes Pereira, o projeto inicialmente
envolveu o LGE (Laboratério de Gendmica e Expressdo da Unicamp), 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). Desde seu inicio, o projeto tem suportado uma série de estudos acerca de
processos envolvidos no estabelecimento desta interagcdo planta-patégeno. O estado da arte das
pesquisas relacionadas a doencga vassoura de bruxa do cacaueiro € sumarizado na Figura 4.

Através da metodologia de Whole Genome Shotgun e sequenciamento Sanger (Sanger et
al., 1977), o projeto determinou 75 Mpb em sequéncias de DNA de M. perniciosa, representando
um draft inicial do genoma deste patdgeno. As primeiras analises do genoma nuclear de M.

perniciosa, bem como de seu genoma mitocondrial, foram publicadas em 2008 (Mondego et al.,

www.lge.ibi.unicamp.br/vassoura



2008; Formighieri et al., 2008). Posteriormente, através de uma colaboracio estabelecida entre o
Laboratério de Genémica e Expressao da Unicamp (LGE) e o Departamento de Agricultura dos
Estados Unidos (USDA), novas sequéncias do genoma de M. perniciosa foram obtidas por meio
do método de pirosequenciamento utilizando o sequenciador 454 Genome Sequencer FLX
(Roche). Em 2010, uma parceria firmada com o Centro de Ciéncias Genémicas da Universidade
da Carolina do Norte (CCGS) permitiu a obtengcao de ainda mais sequéncias do genoma deste
patégeno, o que resultou em uma montagem de alta qualidade deste genoma.

Logo nos primeiros anos do projeto genoma, uma analise cariotipica do fungo M. perniciosa
foi iniciada utilizando-se linhagens do patdgeno coletadas em diversas localizagdes do Brasil e da
América do Sul. Notavelmente, apenas dois gendtipos distintos foram identificados na regido
cacaueira da Bahia, ao passo que uma enorme variabilidade genética foi verificada entre as
linhagens coletadas na Amazénia (Rincones et al., 2003; Rincones et al., 2006). Este resultado
suporta a ideia de que a vassoura de bruxa se disseminou na Bahia a partir de poucos focos de
infeccdo, possivelmente envolvendo agao humana (Pereira et al., 1996; Andebrhan et al., 1999).
As analises cariotipicas permitiram ainda estimar o tamanho do genoma do fungo M. perniciosa,
calculado na época em aproximadamente 30 Mpb. Entretanto, com base nos sequenciamentos
mais recentes, o tamanho do genoma deste patégeno é agora estimado em 47 Mpb (dados nao
publicados).

Em 2005, nosso grupo publicou uma andlise bioquimica bastante abrangente da interagédo
entre o cacaueiro e o patdgeno M. perniciosa (Scarpari et al., 2005). Nenhum trabalho até aquele
momento havia investigado a vassoura de bruxa de forma tdo detalhada e as informacdes obtidas
serviram de base para uma série de novas hipoteses. O estudo apontou caracteristicas fisiologicas
de tecidos infectados, descrevendo alteragcbes nos conteudos de acglcares, aminoacidos,
metabdlitos secundarios, pigmentos, etileno e acido graxo. Em particular, verificou-se a existéncia

de elevadas quantidades de glicerol em vassouras verdes, indicando um importante papel deste
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resultados e outros acontecimentos relevantes sdo apresentados.
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composto no desenvolvimento da doenca. Destaca-se, ainda, que estes experimentos foram
realizados no estado da Bahia, uma vez que o cacaueiro requer altas umidades e temperaturas
para seu desenvolvimento, condigdes que ainda n&o estavam disponiveis em nosso laboratorio.
De maneira similar, o estudo do fungo em laboratério era bastante limitado pela complexidade de
seu ciclo de vida. Nesta época, os experimentos eram realizados exclusivamente com o micélio
dicariotico (necrotrofico) do patdégeno, o qual ndo € infectivo (mas é facilmente cultivado). Por outro
lado, o micélio monocaridtico (biotrofico) é instavel e rapidamente sofre dicariotizagdo em
condicbes padrao de cultivo, indicando que estimulos especificos sdo necessarios para
manutencdo da biotrofia em M. perniciosa. Em vista disso, diversos meios de cultura foram
avaliados buscando-se mimetizar as condigbes encontradas pelo fungo durante a infecgdo do
cacaueiro. Com base nos resultados de Scarpari et al. (2005), um meio de cultura contendo
glicerol como unica fonte de carbono foi desenvolvido e mostrou-se capaz de manter o
crescimento do micélio monocariético de M. perniciosa (Meinhardt et al., 2006).

Apesar de se tratar de uma condicao artificial, o micélio monocariético cultivado ex planta
representou um novo modelo para estudos relacionados a patogenicidade de M. perniciosa.
Bibliotecas de cDNA e microarrays foram utilizados para verificar a expressao diferencial de genes
entre os micélios monocariético e dicariético em condi¢cdes axénicas (Rincones et al., 2008). Os
resultados obtidos indicaram que o micélio monocaridtico de M. perniciosa apresenta alta atividade
metabdlica, porém o metabolismo ndo parece ser direcionado para crescimento celular, mas sim
para a sintese de metabdlitos secundarios e proteinas possivelmente envolvidas na sobrevivéncia
e interacdo com o cacaueiro. Por outro lado, uma maior expressao de genes envolvidos com o
metabolismo energético e crescimento foi verificada no micélio dicaridtico. Este trabalho também
reportou a identificacdo de um gene codificante de uma enzima similar a metanol oxidases (MOX),
a qual poderia mediar a oxidacao do metanol liberado como produto da degradagédo de pectina
vegetal. De fato, a expressdo do gene MOX é aumentada tanto na presenca de pectina como

também de metanol. Ainda, M. perniciosa é capaz de se desenvolver em meios de cultura
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contendo metanol como unica fonte de carbono, sugerindo que a degradacgéo deste alcool pode
ser importante para o desenvolvimento do patégeno (de Oliveira et al., 2012 - Ver Anexo Il).

O draft do genoma e as bibliotecas de cDNA do fungo também revelaram outros genes
potencialmente relevantes para o estabelecimento da vassoura de bruxa. Dentre estes, genes
codificantes de proteinas PR-1 (Teixeira et al., 2012 - Ver Capitulo IV) e de uma oxidase
alternativa (Thomazella et al., 2012a - Ver Capitulo VI) foram descritos como importantes para o
desenvolvimento biotréfico do patégeno. Além disso, um gene codificante de uma proteina NEP
(Necrosis and ethylene-inducing protein) também foi identificado logo apods a realizagao dos
primeiros sequenciamentos do genoma do fungo. Proteinas NEP ja haviam sido caracterizadas em
outros fitopatdgenos como sendo capazes de induzir necrose em diferentes plantas (Bailey, 1995;
Qutob et al., 2002) e, por este motivo, este gene passou a ser estudado em M. perniciosa. De fato,
Garcia et al. (2007) demonstraram que a NEP de M. perniciosa é capaz de causar morte do tecido
do cacaueiro. Mais recentemente, nosso grupo resolveu a estrutura tridimensional desta proteina,
apontando aminoacidos importantes para sua atividade (Zaparoli et al., 2011 - Ver Anexo 1). Com
base na versao draft do genoma, Tiburcio et al. (2010) investigaram a ocorréncia de eventos de
transferéncia horizontal em M. perniciosa. De modo interessante, o gene NEP foi identificado como
um dos genes candidatos a terem sido obtidos de outras espécies, sendo possivelmente
transferido por oomicetos do género Phytophthora.

As primeiras analises moleculares da resposta do cacaueiro ao fungo M. perniciosa foram
publicadas em 2007. Gesteira et al. (2007) construiram bibliotecas de cDNA para identificar genes
expressos durante a vassoura de bruxa. Este trabalho utilizou um pool de amostras coletadas em
diferentes momentos da interagao (de 1 até 90 dias apds a infec¢do). Por outro lado, Leal et al.
(2007) realizaram a construcao de bibliotecas subtrativas de cDNA dos estagios iniciais da doenca
(fase assintomatica — de 1 a 10 dias apdés a infecgdo). Ambos os trabalhos focaram na

comparacgao de plantas suscetiveis e resistentes a vassoura de bruxa, apontando possiveis genes
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do cacaueiro envolvidos nas respostas de defesa contra M. perniciosa. Genes do patégeno,
entretanto, ndo foram analisados nestes estudos.

Apesar destes e outros trabalhos envolvendo a construgao de bibliotecas de cDNA (Jones
et al., 2002; Verica et al., 2004; Gesteira et al., 2007; Leal et al., 2007), poucos genes do cacaueiro
tinham sua sequéncia conhecida até o fim de 2008. Em um esforco para se expandir o
conhecimento molecular sobre esta planta, Argout et al. (2008) apresentaram uma extensiva
andlise de ESTs (expressed sequence tags) baseada no sequenciamento de 56 bibliotecas
distintas de cDNA. Este trabalho levou & obtencdo de 48.594 unigenes e permitiu uma avaliagdo
mais detalhada dos genes transcritos pelo cacaueiro. Em setembro de 2010, dois consorcios
independentes anunciaram a conclusdo do sequenciamento do genoma do cacaueiro. Sob
coordenacao do centro de pesquisa francés CIRAD, o consorcio ICGS (International Cocoa
Genome Sequencing Consortium, http://cocoagendb.cirad.fr) publicou o genoma da variedade
Criollo (Argout et al., 2011), a qual é principalmente utilizada na fabricagdo do chamado chocolate
fino. Por outro lado, um segundo consorcio liderado pela chocolateira Mars (Cacao Genome
Database, www.cacaogenomedb.org), optou pelo sequenciamento da variedade Forastero, a qual
corresponde a 80% de todo cacau cultivado no mundo. Os resultados desta segunda iniciativa
também foram disponibilizados ao publico, porém, a analise do genoma completo desta variedade
nao foi publicada até o momento. A disponibilidade da sequéncia gendmica do cacaueiro abre
possibilidades sem precedentes para a realizagdo de estudos quanto a biologia molecular da
vassoura de bruxa.

Atualmente, a principal limitacdo do projeto se diz respeito a manipulacdo genética do
fungo M. perniciosa. Muitos esforgos foram empregados nos ultimos anos, resultando apenas em
avangos modestos. Protocolos de transformacao foram desenvolvidos e permitem a inser¢ao de
fragmentos de DNA em posi¢des aleatérias no genoma do fungo (Lima et al., 2003; Lopes et al.,

2008). No entanto, a delegcao de genes especificos através de recombinagdo homologa nao foi

Sequéncias unicas que representam genes.
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realizada até o momento. Em 2009, um estudo reportou o silenciamento transitério de dois genes
de M. perniciosa utilizando-se dsRNA (Caribé dos Santos et al., 2009). Apesar de este trabalho
descrever alteragcdes fenotipicas nas linhagens obtidas, o método desenvolvido é restrito ao
micélio dicaridtico do patdgeno. O desenvolvimento de ferramentas que permitam a realizagcao de
analises funcionais de genes de M. perniciosa € um passo fundamental para o entendimento de

sua interagcdo com a planta durante a vassoura de bruxa.

A evolugédo das tecnologias de sequenciamento de DNA

Em 1977, Frederick Sanger publicou um importante método para determinagdo da
sequéncia de nucleotideos em uma molécula de DNA (Sanger et al., 1977), sendo entido laureado
com o prémio Nobel de Quimica em 1980. O método de Sanger foi automatizado e originou a
primeira geracao de sequenciadores de DNA, os quais foram oficialmente langados no mercado
em meados da década de 80. Apesar de serem continuamente aperfeicoadas ao longo do tempo,
as plataformas de primeira geragdo permaneceram como a unica opgao para o sequenciamento
de DNA durante cerca de 20 anos. Foi utilizando estes equipamentos que alguns dos genomas
mais importantes para a ciéncia foram sequenciados, incluindo o de Saccharomyces cerevisiae
(Goffeau et al., 1996), Escherichia coli (Blattner et al., 1997), Drosophila melanogaster (Adams et
al., 2000), Arabidopsis thaliana (Kaul et al., 2000) e o préprio genoma humano (Lander et al., 2001;
Venter et al., 2001). Destaca-se ainda o fato de o Brasil ter sido responsavel pelo sequenciamento
do primeiro genoma de um organismo fitopatogénico, a bactéria Xylella fastidiosa (Simpson et al.,
2000), em uma iniciativa que marcou o nascimento da genémica em nosso pais. Cada um destes
projetos, entretanto, demandou uma enorme quantidade de recursos e levou anos para a sua
finalizacado, refletindo a grande complexidade metodologica e os altos custos de operagao
inerentes aos sequenciadores de primeira geragao.

Nos ultimos anos, o desenvolvimento das chamadas tecnologias de sequenciamento de

nova geragado (next generation sequencing) iniciou uma nova era no campo da gendmica e
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transcriptdmica (Metzker, 2010). Projetos genomas, que antes eram realizados apenas por
grandes centros ou consorcio de multiplos laboratérios, passaram a ser realizados por laboratérios
individuais de forma simples e com custos extremamente reduzidos. Iniciativas antes inimaginaveis
foram langadas com base no uso de tais tecnologias. O projeto 1000 Genomes, por exemplo,
propde a identificacdo da maior parte da variabilidade genética da espécie humana através do
sequenciamento de 2500 individuos de variadas etnias (Durbin et al., 2010; Abecasis et al., 2012).
De maneira similar, o projeto 1007 Genomes visa identificar a variagdo genética existente na
planta modelo Arabidopsis thaliana. Ainda, o projeto TCGA (The Cancer Genome Atlas) tem o
objetivo de catalogar mutagdes genéticas associadas ao desenvolvimento de cancer através do
sequenciamento de genomas e transcriptomas dos mais variados tipos de tecidos cancerigenos
em diversos pacientes (http://cancergenome.nih.gov/). Destaca-se ainda o projeto Genome 10K,
que propde o sequenciamento do genoma de dez mil espécies diferentes de vertebrados, ou seja,
aproximadamente uma espécie por género conhecido (Genome 10K Community of Scientists,
2009) e o projeto i5K, que sequenciara o genoma de 5000 espécies de insetos nos préximos cinco
anos. No Brasil, destaca-se o Projeto 80+, o qual é coordenado pela pesquisadora Mayana Zatz
(USP) e tem como meta a analise do genoma de aproximadamente mil pessoas saudaveis com
mais de 80 anos. Tais exemplos, dentre muitos outros, mostram a extraordinaria evolucdo da
gendmica nos ultimos anos.

O primeiro dos sequenciadores de nova geragao (Genome Sequencer FLX - 454 Life
Sciences/Roche) foi langado em 2005. Utilizando-se esta tecnologia, o genoma do conhecido
cientista James Watson foi sequenciado em apenas dois meses a um custo 100 vezes menor do
que o realizado com métodos de primeira geragao baseados em eletroforese capilar (Wheeler et
al., 2008). Outras duas empresas logo entraram no mercado: Life Technologies (anteriormente
Applied Biosystems) e lllumina (anteriormente Solexa). Apesar dos sequenciadores destas
empresas produzirem sequéncias consideravelmente mais curtas (35 pb em comparagdo as

sequéncias de aproximadamente 200 pb gerados pelo 454 GS FLX na época), estas plataformas
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se destacaram pela grande quantidade de sequéncias produzidas, resultando em baixissimos
custos por base sequenciada. Atualmente, a lllumina domina a maior parte do mercado de
sequenciadores de nova geragao. Seu equipamento mais potente, denominado HiSeq 2500, é
capaz de gerar 6 bilhdes de sequéncias de até 100 pb a cada 11 dias, correspondendo a 600 Gb
em sequéncias (aproximadamente 200 coberturas do genoma humano). Em uma verdadeira
corrida estabelecida entre as empresas, novas atualizagbes e modelos de sequenciadores tém
sido frequentemente anunciados, aumentando cada vez mais a quantidade e qualidade das
sequéncias produzidas. Seguindo este ritmo, espera-se que as atuais tecnologias estejam
ultrapassadas dentro de poucos anos; entretanto, os avangos cientificos alcancados pelo uso de
tais tecnologias permanecem como base para futuras descobertas.

Recentemente, as chamadas tecnologias de sequenciamento de terceira geragao foram
anunciadas e aplicam o conceito de real time sequencing, no qual a atividade de uma DNA
polimerase é monitorada em tempo real durante a sintese de uma fita de DNA (Eid et al., 2009). O
unico sequenciador de terceira geragdo disponivel até o momento é o PacBio RS da empresa
Pacific Biosciences. Apesar de ainda apresentar altissima taxa de erro (15%), este equipamento &
capaz de produzir sequéncias com tamanho médio de 5 mil nucleotideos, o que pode vir a
revolucionar a forma com a qual genomas sdo montados. Apesar das atraentes perspectivas
quanto a evolugcdo da gendmica devido as novas tecnologias de sequenciamento, importantes
limitagcdes tém sido apontadas principalmente no que se diz respeito a capacidade computacional
necessaria para o processamento das sequéncias bem como a existéncia de cientistas

qualificados para a realizacido de analises e interpretacdes dos dados produzidos.

O sequenciamento de transcriptomas utilizando novas tecnologias de sequenciamento
O sequenciamento Sanger foi largamente utilizado para analises transcriptdmicas nos
chamados “projetos ESTs”. Uma vez que o transcriptoma corresponde apenas a regido codante do

genoma, o sequenciamento de cDNA permite a identificagdo direta dos genes de um organismo a
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custos menores e sem a complexidade da montagem e analise de um genoma completo. O
primeiro grande projeto envolvendo o sequenciamento de bibliotecas de cDNA foi publicado em
1991 pelo grupo do pesquisador americano Craig Venter, o qual reportou o sequenciamento de
regides codantes do cérebro humano (Adams et al., 1991). A partir de entéo, tal estratégia passou
a ser adotada na analise dos mais variados modelos biologicos, sendo de especial importancia
para o estudo de organismos com genoma complexo. Como exemplo, o projeto brasileiro SUCEST
foi de grande relevancia para a determinacdo da sequéncia de milhares de genes da cana de
acgucar, uma planta de notavel interesse econdmico cujo genoma ndo foi sequenciado até o
momento (Vettore et al., 2003).

Ainda que os dados obtidos por sequenciamento de primeira geragao possam ser utilizados
na determinacdo de niveis de expressdo génica (Carulli et al., 1998), a acuracia deste tipo de
andlise é bastante comprometida pela relativa baixa quantidade de sequéncias normalmente
produzidas nestes projetos. Métodos alternativos baseados em sequenciamento Sanger foram
desenvolvidos para superar esta limitacao, incluindo a construgao de bibliotecas subtrativas de
cDNA (Diatchenko et al.,, 1996) ou a técnica conhecida por SAGE (Serial Analysis of Gene
Expression) (Velculescu et al., 1995). Mesmo assim, os microarrays foram a tecnologia de escolha
para estudos de expressdo génica em larga escala durante muitos anos (Marioni et al., 2008).
Desenvolvida em meados da década de 90 (Schena et al., 1995), esta tecnologia levou a
importantes avangos em diversas areas de estudo da biologia e medicina. Dentre as milhares de
aplicagdes, pode-se citar a avaliagdo da expressao génica diferencial em doengas, como o cancer
(DeRisi et al., 1996), o efeito de farmacos na expressao génica (Petricoin Ill et al., 2002) ou a
expressao génica em microrganismos cultivados em condigdes especificas (Stanley et al., 2003).
Apesar da grande revolugao em analises transcriptdmicas, a tecnologia dos microarrays apresenta
uma série de caracteristicas metodoldgicas que a tornam consideravelmente complexa e laboriosa

(Shendure, 2008), tais como o uso de um chip com um numero finito de sondas de sequéncias
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necessariamente conhecidas e a realizagdo de uma série de normalizagdes necessarias para
evitar erros sistematicos da técnica.

Em junho de 2008, Nagalakshmi et al. (2008) utilizaram pela primeira vez o termo “RNA-
seq” ao descrever uma detalhada caracterizagdo do transcriptoma de Saccharomyces cerevisiae
com base em tecnologias de sequenciamento de nova geracéo. Este trabalho mapeou regides de
exons e introns com alta resolucdo, além de apresentar start codons alternativos e identificar
regides transcritas anteriormente desconhecidas no genoma desse organismo. No més seguinte,
Mortazavi et al. (2008) descreveram o uso do RNA-seq na quantificacdo dos niveis de expressao
génica em diferentes tecidos de camundongo, descrevendo um método de normalizacdo que
passou a ser amplamente adotado em analises de RNA-seq (RPKM - reads per kilobase of exon
model per million mapped reads). A facilidade no preparo das amostras, juntamente com o grande
volume de informagdes obtidas e o baixo custo do processo fizeram do RNA-seq uma abordagem
extremamente vantajosa e inovadora.

Diferentemente dos métodos baseados em plataformas de primeira geracdo, o RNA-seq
resulta em milhdes de sequéncias por amostra, o que permite que a expressao génica seja
eficientemente quantificada. Ainda, diversos trabalhos comparativos demonstraram maior precisao
dos dados obtidos por RNA-seq em relagdo aos microarrays ('t Hoen et al., 2008; Marioni et al.,
2008; Shendure, 2008). Como vantagem, o RNA-seq destaca-se por apresentar maior
sensibilidade a transcritos pouco abundantes e capacidade de detec¢do de pequenas variagdes de
expressao (Marioni et al., 2008). Além disso, o RNA-seq permite simultaneamente a analise
detalhada da estrutura do transcriptoma e a quantificagdo dos niveis de expressao génica com alta
precisdo, vantagem que nao é oferecida por nenhuma outra técnica disponivel atualmente. Por
outro lado, a inexisténcia de um método de analise padrdo e amplamente aceito na comunidade
cientifica configura-se como a principal desvantagem desta metodologia. Mesmo assim, as novas
tecnologias de sequenciamento ja sao consideradas sucessoras dos microarrays na analise global

de expressao génica.
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As principais etapas em uma analise de expressao génica por RNA-seq sao apresentadas
na Figura 5. O mRNA de uma amostra bioldgica de interesse é inicialmente isolado e entdo
utilizado no preparo de bibliotecas para sequenciamento. Apds o sequenciamento, as sequéncias
obtidas (ou reads) sao alinhadas contra uma referéncia, que pode ser o genoma ou O
transcriptoma do organismo analisado. Caso nenhuma referéncia esteja disponivel, os proprios
reads de RNA-seq podem ser utilizados na obtencdo de uma sequéncia de referéncia (montagem
de novo do transcriptoma). Entretanto, devido ao pequeno tamanho destas sequéncias, € comum
que montagens que utilizem apenas reads de RNA-seq apresentem-se relativamente
fragmentadas. Apesar disso, esta estratégia permite que a técnica de RNA-seq seja utilizada em
analises de expressao génica de organismos que possuem poucos ou nenhum dado molecular
disponivel. Os arquivos obtidos apds o alinhamento podem ser utilizados para a visualizagao do
transcriptoma, uma abordagem interessante para a anotagdo manual de regides codantes de um
gene, por exemplo. Apés o alinhamento na referéncia, a quantidade de sequéncias obtidas para
cada gene é computada e, entdo, normalizada para permitir a comparagdo entre diferentes
amostras ou genes. Existem diversos métodos e softwares disponiveis para a normalizagdo dos
dados e identificagdo de genes diferencialmente expressos, variando principalmente quanto ao
modelo estatistico adotado. Entretanto, a légica da analise permanece a mesma e se baseia no
fato de que a quantidade de sequéncias obtidas para um determinado transcrito é diretamente
proporcional a sua abundancia na amostra original. Ou seja, quanto mais expresso for um gene,
mais sequéncias deverao ser obtidas. Como resultado da analise, obtém-se uma lista dos genes
em estudo com os respectivos valores de expresséao e significancia estatistica quando diferentes
amostras sao comparadas. A interpretacdo destes dados e a correlagdo com fendbmenos
bioldgicos constituem a etapa final do processo. No entanto, considerando-se a importancia e

complexidade desta etapa, nao é exagero considera-la como o verdadeiro inicio do trabalho.
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RNA-seq reads

Arquivo de alinhamento
Formatos: .BAM, .SAM

Niveis de expressido normalizados
(TPM, RPKM, FPKM, CPM)

Lista de genes
diferencialmente expressos

Figura 5. Principais etapas em andlises de expressao génica utilizando-se RNA-seq. Arquivos sdo marcados
em amarelos e procedimentos sdo apresentados em azul.
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OBJETIVO

Considerando-se o limitado conhecimento sobre os mecanismos moleculares que
governam o desenvolvimento da vassoura de bruxa, a presente tese teve como objetivo central a
“Construcao de um modelo que explique a base molecular da interacao entre o cacaueiro € o

fungo M. perniciosa’.

Utilizamos as tecnologias de sequenciamento de nova geragdo (RNA-seq) para realizar
uma analise transcriptbmica abrangente desta doenga e estabelecer bases para estudos mais
especificos. Os dados de expressao génica forneceram uma primeira linha de evidéncias sobre
aspectos relevantes da doenca, que foram entdo aprofundados em trabalhos adicionais. Os
resultados apresentados nesta tese estdo organizados em seis capitulos, conforme ilustrado na

Figura 6.

| - Atlas transcriptomico

Il - Transcriptoma da vassoura verde

Il — Quitinase em IV — Proteinas PR-1 V — Receptores PR-1 VI - AOX
M. perniciosa em M. perniciosa em cacau em M. perniciosa

Figura 6. Organizacdo geral desta tese. O primeiro capitulo apresenta uma visdo geral do Atlas
Transcriptdmico da Vassoura de Bruxa. Dentre as condigbes que compdem esta base de dados, realizamos
uma analise detalhada do estagio de vassoura verde da doenga, a qual € apresentada no segundo capitulo.
A analise do transcriptoma da vassoura verde revelou genes relevantes para o estabelecimento da doencga
que foram, entao, alvos de estudos mais aprofundados apresentados nos demais capitulos desta tese.
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APRESENTAGAO

O primeiro capitulo desta tese apresenta a construcdo e as analises globais do Atlas
Transcriptdmico da Vassoura de Bruxa. Iniciada em 2009, esta iniciativa foi favorecida por dois
fatores principais: (I) O grande amadurecimento do Projeto Genoma Vassoura de Bruxa nos
ultimos anos, principalmente no que se diz respeito a obtengdo de todo ciclo de vida do patégeno
como também da doenga em ambiente controlado de laboratério. (II) O facil acesso as tecnologias
de sequenciamento de nova geragao, garantido através de uma colaboragao estabelecida com a
Universidade da Carolina do Norte (EUA). O Atlas Transcriptdbmico € baseado em uma série de
experimentos que tiveram como objetivo amostrar condi¢gdes relevantes do desenvolvimento do
fungo Moniliophthora perniciosa e também da progressdo da doenca. Por se tratar de uma
ferramenta de carater exploratério, optou-se inicialmente por sequenciar os transcriptomas de um
grande numero de diferentes amostras ao invés de realizar repeticdes de uma quantidade limitada
de amostras. Posteriormente, sequenciamentos adicionais foram realizados de forma a permitir
analises detalhadas de condicbes de interesse (por exemplo, vassoura verde — apresentada no
Capitulo Il desta tese). O Atlas Transcriptdmico da Vassoura de Bruxa tem suportado uma série de
trabalhos em nosso laboratério, permitindo a investigagdo de aspectos antes inexplorados assim
como a formulacao de novas hipéteses quanto ao desenvolvimento da doenca vassoura de bruxa

do cacaueiro.
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INTRODUGAO

O basidiomiceto Moniliophthora perniciosa € o agente etioldgico da doenga vassoura de
bruxa no cacaueiro (Theobroma cacao), um dos principais fatores limitantes da produc¢ao de cacau
nas Américas. Em 1989, relatou-se pela primeira vez a ocorréncia da doenga no sul da Bahia,
principal regido produtora brasileira (Pereira et al., 1996). Desde entdo, a produ¢do cacaueira do
Brasil foi drasticamente reduzida e o pais, que era um dos principais produtores de améndoas de
cacau do mundo até entao, transformou-se em poucos anos em um importador do produto (Purdy
& Schmidt, 1996; Meinhardt et al., 2008). M. perniciosa pode infectar qualquer tecido
meristematico em desenvolvimento do seu hospedeiro, incluindo ramos, frutos e flores (Meinhardt
et al., 2008). O ciclo de vida deste fungo é classificado como hemibiotréfico, havendo dois estagios
miceliares distintos que se desenvolvem em paralelo aos sintomas observados na planta (Evans,
1980). Inicialmente, o fungo assume um estagio biotréfico e infecta tecidos vivos do cacaueiro.
Nesta fase da doenga, sdo observadas drasticas alteragdes morfolégicas no tecido infectado,
particularmente a hipertrofia e perda de dominancia apical em ramos, o que da origem a estruturas
denominadas “vassouras verdes”. Ainda, a infeccédo de frutos resulta em amadurecimento anormal
e deformacgbes no tecido da planta, enquanto que a infeccéo de flores leva ao desenvolvimento de
pequenos frutos partenocarpicos com aspecto de morangos (Meinhardt et al.,, 2008). Com a
progressao da doencga, ocorre morte do tecido vegetal e o fungo assume seu segundo estagio,
classificado como necrotréfico. Neste estagio da doencga, o patdgeno produz os basidiomas que
entdo liberam esporos capazes de infectar novas plantas (Wheeler, 1985).

Anadlises de expressdo génica em larga escala estabeleceram-se como uma poderosa
ferramenta de pesquisa em biologia (Brady et al., 2006). O estudo dos principais organismos
modelo envolveu a construgdo de extensivas bases de dados reunindo um grande numero de
experimentos em gendmica funcional. Por exemplo, a iniciativa AtGenExpress constitui um
importante esfor¢co para desvendar o transcriptoma da planta Arabidopsis thaliana (Kilian et al.,

2007). De maneira similar, o projeto The Riken mouse genome encyclopedia forneceu bases para
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a identificagdo e anotacdo de milhares de genes expressos em camundongo (Hayashizaki, 2003).
Tais projetos foram baseados nas tecnologias tradicionais de microarrays e/ou sequenciamento
Sanger de bibliotecas de cDNA.

Analises de expressao génica em larga escala foram anteriormente realizadas para o
estudo da vassoura de bruxa do cacaueiro (Rincones et al., 2008; Pires et al., 2009; Leal et al.,
2010). Estes ftrabalhos pioneiros investigaram as diferencas entre os micélios biotréfico e
necrotréfico de M. perniciosa em condi¢des in vitro de desenvolvimento (Rincones et al., 2008), a
formacao de estruturas reprodutivas neste fungo (Pires et al., 2009) e o efeito da deprivacao de
nitrogénio na expressao génica global do patégeno (Leal et al., 2010). Além disso, andlises de
expressao génica também revelaram algumas das respostas do cacaueiro a infecgado (Gesteira et
al., 2007; Leal et al., 2007; da Hora Junior et al., 2012). Entretanto, a complexidade metodolégica e
os altos custos das estratégias empregadas representam importantes limitagdes nestes estudos.
Por exemplo, dos 17.008 genes de M. perniciosa, apenas 2.528 foram analisados no trabalho de
Rincones et al., (2008). Similarmente, uma analise recente baseada em macroarrays avaliou
apenas 2.855 dos cerca de 30.000 genes do cacaueiro (da Hora Junior et al., 2012).

Os recentes avancos nas tecnologias de sequenciamento de DNA tém permitido a
realizacao de andlises de expressdo génica de forma eficiente a custos bastante reduzidos
(Metzker, 2010). Ainda, a técnica RNA-seq oferece como vantagens a menor complexidade
metodoldgica e uma maior sensibilidade em relagdo a tecnologias anteriores (Marioni et al., 2008).
Com o objetivo de ampliar nosso conhecimento a respeito da vassoura de bruxa do cacaueiro e
estabelecer uma base para o estudo dessa doenca, iniciamos a constru¢cdo de um extensivo banco
de dados denominado Atlas Transcriptdmico da Vassoura de Bruxa. Utilizando RNA-seq, cerca de
60 bibliotecas representativas das mais variadas condigdes de desenvolvimento de M. perniciosa
in vitro e in planta foram sequenciadas. Esta iniciativa constitui um importante avanco no
entendimento desta doenga e abre novas possibilidades para a realizagdo de estudos funcionais

tanto com M. perniciosa como também com o cacaueiro.
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MATERIAIS E METODOS

Isolados de Moniliophthora perniciosa e variedades de Theobroma cacao

Os experimentos foram realizados com os isolados FA553 e BP10 de M. perniciosa, os
quais foram coletados no municipio de llhéus (BA) e apresentam patogenicidade a cacaueiros
suscetiveis. O isolado APS1, representativo do biétipo S de M. perniciosa e originario do estado de
Minas Gerais, também foi utilizado. A variedade de Theobroma cacao utilizada foi a “Comum”, a
qual é suscetivel a vassoura de bruxa. As plantulas foram mantidas em casa de vegetagcado a

temperatura média de 26°C, umidade acima de 80% e fotoperiodo de 12h.

Obtencgéao de basidiomas e basidiésporos de Moniliophthora perniciosa

Basidiomas foram obtidos utilizando-se a metodologia proposta por (Griffith & Hedger,
1993) com modificagbes. Este método consiste na utilizagdo de um substrato a base de galhos e
folhas triturados de cacaueiro (77% p/v), aveia (20% p/v), CaSO, (3% p/v) e agua suficiente para
formar uma mistura pastosa. O fungo em estagio necrotrofico foi inoculado neste substrato e
mantido em estufa a 25°C. Apds a completa colonizagéo pelo fungo (aproximadamente um més), o
substrato foi pendurado dentro de uma caixa de acrilico e regado diariamente para manutengao da
umidade acima de 80%. Os basidiomas produzidos tiveram os esporos coletados em uma solugéo
previamente descrita por Frias et al., (1995) (glicerol 16%; MES 0,01 M; Tween 20 0,01%; pH 6,1).
O dglicerol presente nesta solugcao impede a germinacdo dos basidiésporos durante a coleta e
também age como um crioprotetor, permitindo o congelamento dos basidiésporos para

armazenamento.

Cultivo in vitro dos micélios biotréfico e necrotréfico de M. perniciosa
A fase necrotréfica de M. perniciosa foi mantida em meio de cultura soélido MYEA (5 g/L de
extrato de levedura, 17 g/L de extrato malte e 20 g/L de agar), em estufa a 28°C. O cultivo deste

micélio em meio liquido foi realizado inoculando-se pequenos cubos da cultura em 50 mL do novo
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meio. Para obtencdo da fase biotréfica, aproximadamente 3,8 x 10° basidiésporos foram
inoculados em 50 mL de meio de cultura liquido especifico para manutengéo da fase biotrofica (5
g/L de extrato de levedura Difco™; 50 mL/L de glicerol; 2,5 g/L de K;HPO,; e 1 mL/L elementos
tracos diluidos em 100 mL de agua: 500 mg de FeSO,*7H,0; 156 mg de MnSQ,; 167 mg de ZnCly;
200 mg de CoCl,; Meinhardt et al., 2006). As culturas foram mantidas a 28°C e agitagcao constante

de 120 rpm.

Infecgao de plantulas

As infecgbes de plantulas foram realizadas segundo o procedimento descrito por Frias et al.
(1995). As plantulas a serem inoculadas foram inicialmente submetidas a uma camara umida,
sendo cobertas por sacos plasticos previamente umedecidos para induzir a abertura dos
estdbmatos. Este tratamento foi realizado 24 horas antes da inoculacdo dos basidiésporos.
Posteriormente, gotas de aproximadamente 30 uL de suspensdo de esporos (concentragao
aproximada de 10° esporos/mL) foram aplicadas sobre o meristema apical em atividade das

plantulas. A camara umida foi, entao, mantida por mais 48 horas.

Coleta de material para sequenciamento de transcriptomas

Uma colaboragao estabelecida com a High Throughtput Sequencing Facility da
Universidade da Carolina do Norte (EUA) nos garantiu acesso as mais modernas tecnologias de
sequenciamento de DNA. Para a constru¢do do Atlas Transcriptdbmico da Vassoura de Bruxa,
diferentes amostras foram coletadas de forma a representar condi¢des relevantes para o estudo
da doencga. As secdes seguintes descrevem os experimentos realizados para a obtencao de tais

amostras.

Micélios biotrofico, saprotréfico e em transicao de fase — O fungo M. perniciosa foi cultivado a partir

de basidiésporos em meio de cultura para manutencdo da fase biotréfica (Meinhardt et al., 2006).
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Coletas do micélio foram entao realizadas em trés momentos de interesse (Figura 1): apds sete
dias de crescimento, representando o micélio monocariético (biotréfico); apds quatorze dias de
crescimento, representando a transicdo de fase; e apods vinte e oito dias de crescimento,
representando micélio dicariético (necrotréfico). Antes de cada coleta, o micélio foi observado em
microscopio para a confirmacgao do estagio de desenvolvimento do fungo. Adicionalmente, micélio
necrotréfico previamente crescido em meio MYEA foi cultivado nas mesmas condigbes e coletado

nos mesmos pontos do micélio em desenvolvimento acima descrito.

Biotrdfico Transigdo Saprotrofico

10 dias 25 dias

Figura 1. Padrdo do desenvolvimento in vitro de M. perniciosa a partir da germinagao dos esporos. Durante
aproximadamente 10 dias de cultivo é possivel identificar na cultura apenas hifas biotroficas
(monocaridticas), que apresentam crescimento pouco intenso, um nucleo por célula e ndo possuem grampos
de conexdo. A amostra representante deste estagio foi coletada apds 7 dias de cultivo. A partir do décimo
dia, sinais de transicdo para a fase saprotrofica tornam-se gradativamente evidentes, iniciando-se a
formacao de grampos de conexao.Além disso, verifica-se a existéncia de células inchadas e multinucleadas.
O material neste estagio foi coletado apds 14 dias de cultivo. Apds cerca de 25 dias, o fungo é encontrado
sobretudo em seu estagio necrotréfico, apresentando grande massa miceliar e células binucleadas com
grampos de conexao. A amostra representante deste estagio foi coletada apoés 28 dias de cultivo.

Interacdo em vassouras — Este experimento foi realizado visando a analise de expressao de genes

do fungo e do cacaueiro durante a progressao da vassoura de bruxa. Além disso, o experimento
permite a comparacao entre os padrdes de expressao génica do fungo cultivado in planta e in vitro.
Plantulas de cacau foram inoculadas com basididsporos de M. perniciosa e amostras foram
coletadas em quatro diferentes estagios da doenca (Figura 2): vassoura verde (30 dias apods

infeccdo); inicio da necrose do tecido infectado (47 dias ap6s infecgdo); necrose avancada (66 dias
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apos infeccao) e vassoura seca (111 dias depois da infeccido). Plantulas sadias com a mesma

idade das infectadas também foram coletadas em cada um dos quatro pontos para serem

utilizadas como controle.

Figura 2. Plantulas infectadas utilizadas no sequenciamento de transcriptomas da interagcdo entre M.
perniciosa € o cacaueiro. (A) Estagio de vassoura verde. Notar crescimento exagerado e maior calibre da
vassoura em relagdo ao caule da plantula. (B) Momento da doenga em que se inicia a necrose do tecido
infectado (seta). A necrose se inicia a partir da extremidade das folhas. (C) Estagio de necrose bastante
avangada, havendo grande comprometimento do tecido infectado. (D) Estagio de vassoura seca, em que o
tecido infectado do cacaueiro ja se encontra morto.
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Interacdo em frutos — Este experimento permite a analise dos genes do fungo e do hospedeiro em

um segundo tipo de tecido infectado. Frutos em diversos momentos da doenca (Figura 3) foram
coletados em campo na fazenda Porto Novo no municipio de Ilhéus (BA). Trés estagios da doenca
foram analisados: fase inicial (fruto com amadurecimento alterado), fruto parcialmente necrosado
(com necrose externa avancgada) e fruto podre. Além disso, coletou-se um fruto sadio para ser
utilizado como controle do experimento. As sementes e as cascas de cada um dos frutos foram

coletadas independentemente.

(€

Figura 3. Frutos utilizados no sequenciamento de transcriptoma da interagdo cacau-M.perniciosa. (A) Fruto
controle nao infectado. (B) Fruto apresentando sintomas iniciais da vassoura de bruxa. Observa-se
amadurecimento desigual em diferentes regides do fruto e alteragdo bastante evidente no interior do fruto.
(C) Fruto apresentando estagio avangado de necrose (D) Fruto podre, cuja proliferagdo do fungo é bastante
intensa.

Basidiésporos em germinacdo — Este experimento teve como objetivo a analise do transcriptoma

de M. perniciosa durante a germinacdo dos basididsporos, processo de fundamental relevancia
para o estabelecimento da infeccdo. Para isso, uma aliquota de 2mL de suspensao de esporos
com concentragdo aproximada de 107 esporos/mL foi dividida em duas parcelas. Essas parcelas

foram gentilmente centrifugadas a 1000xg durante 5 minutos para precipitacdo dos esporos e
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remocao da solucio de coleta. Uma das parcelas foi ressuspendida em 1mL de solucio de coleta,
a qual impede a germinagao dos basididésporos, constituindo o controle do experimento. A outra
parcela foi ressuspendida no mesmo volume de agua estéril para permitir a germinagdo dos
basidiosporos. Ambas aliquotas foram depositadas em pequenos béqueres e incubadas sob
agitacao de 120 rpm a 28°C durante 4 horas. Apds a incubacgao, as suspensdes foram observadas

em microscoépio para a confirmagao da germinacao dos basididsporos (Figura 4).

Figura 4. Basididsporos de M. perniciosa coletados para sequenciamento de transcriptomas. (A) Amostra
controle representando basidiésporos ndo germinados. (B) Amostra contendo basididésporos germinados in
vitro. Os basididsporos foram corados com Calcofluor White e visualizados em microscépio de
epifluorescéncia utilizando-se luz UV para excitagdo. Aumento de 200X.

Cultivo do fungo na presenca de diferentes fontes de carbono — O micélio necrotrofico de M.

perniciosa foi cultivado por sete dias no meio descrito por Meinhardt et al., (2006) (contendo 1% de
glicerol como fonte de carbono), a 28°C e agitacdo de 150 rpm. Apds este periodo, o micélio foi
filtrado, lavado com agua estéril e transferido para um novo meio de cultura com igual composigéo,
porém variando-se a fonte de carbono (1% de glicerol, 1% de glicose, 1% de metanol, 1% de &cido
poligalacturdnico, 1% de pectina ou 1% de extrato de cacau). O fungo foi mantido nos novos meios

de cultura por um periodo de 24h.
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Cultivo do fungo na presenca de fungicidas — O micélio necrotréfico de M. perniciosa foi cultivado

por sete dias em meio MYEA a 28°C e agitagdo de 150 rpm. Apds este periodo, adicionou-se ao
meio 30 mg/L de azoxistrobina (inibidor da cadeia respiratoria principal de fungos), 0,75 g/L de
SHAM (acido salicilhidroxamico - inibidor da enzima oxidase alternativa) ou a combinagdo de
ambas as drogas. O fungo foi mantido na presenca das drogas por um periodo de quatro horas.
Como controles, o micélio foi tratado com metanol (solvente da azoxistrobina), etanol (solvente do

SHAM) ou a combinag¢ao de metanol e etanol (solventes de ambas as drogas).

Outras amostras coletadas — O Atlas Transcriptdmico da Vassoura de Bruxa inclui ainda estruturas

reprodutivas do fungo (primérdios de basidomas e basidiomas maduros) e micélio necrotrofico
jovem e senescente de M. perniciosa (Formighieri et al., 2008). Além disso, micélio necrotréfico do
isolado APS1 (biétipo S) também foi amostrado em condicbes padrao de cultivo (meio MYEA,

temperatura de 28°C e agitacdo de 150 rpm).

Extragoes de RNA

Para extragcdo de RNA, todas as amostras, exceto os basidiésporos, foram maceradas em
nitrogénio liquido com auxilio de um cadinho e pistilo. A parede celular dos basidiésporos foi
rompida agitando vigorosamente a amostra na presenca de 100 mg de glass beads (0,4 a 0,6 uym.
Sigma-Aldrich, EUA) em 400 uL de tampao de extragcao (10 mM de Tris-HCI pH 7,5; 10 mM de
EDTA e 0,5% de SDS). O RNA total de miceélio e basididésporos de M. perniciosa foi isolado através
do método do fenol acido quente (Sambrook et al., 1989). O RNA de sementes de cacau foi
extraido de acordo com os procedimentos descritos por Laloi et al. (2002). Para extracdo do RNA
de cascas de cacau e meristemas foi utilizado um protocolo ainda nao publicado padronizado em
nosso laboratério. Basicamente, 100 mg de tecido macerado foram homogeneizados em 1,4 mL
de tampéo de extracdo contendo 100 mM de Tris-HCI, pH 8.0; 30 mM de EDTA; 300 mM de LiCl;

2M de NaCl; 2% de CTAB; 2% de PVP e 10% de B-mercaptoetanol. O RNA foi extraido duas
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vezes com 500 L de cloroférmio e precipitado com 3M de cloreto de litio a 4°C durante 16h. O
pellet de RNA obtido apés centrifugacao foi lavado com etanol 70% e ressuspendido em 20 uL de
H,O DEPC. Apéds a extragao, a integridade dos RNAs de todas as amostras foi verificada em gel
de agarose-formaldeido e a quantificacao foi realizada no espectrofotdmetro ND-1000 (NanoDrop,

EUA).

Construgao de bibliotecas para sequenciamento em larga escala

Os sequenciamentos em larga escala para obtencéo de transcriptomas (RNA-seq) foram
realizados na High Throughtput Sequencing Facility, sob orientacdo do Dr. Piotr Mieczkowski,
pesquisador do Centro de Ciéncias Gendmicas da Universidade da Carolina do Norte (Carolina
Center for Genome Sciences). As bibliotecas foram preparadas segundo instrugdes fornecidas
pela lllumina. Basicamente, o RNA mensageiro (mMRNA) foi purificado a partir de 1 a 10ug de RNA
total utilizando-se Sera-Mag Magnetic Oligo(dT) Beads (Thermo Scientific, EUA), e entao
fragmentado na presenca de cations divalentes sob elevadas temperaturas. Apds isso, 0 mRNA
clivado foi copiado na primeira fita de cDNA utilizando-se random hexamer primers e a enzima
transcriptase reversa SuperScript Il (Invitrogen, EUA). A segunda fita de cDNA foi sintetizada
utilizando as enzimas DNA polimerase | e RNAse H. Em seguida, as enzimas T4 DNA polimerase
e Klenow DNA polimerase foram utilizadas para obtencado de extremidades abruptas do cDNA.
Uma adenina foi entdo adicionada a extremidade 3’ das moléculas de cDNA utilizando-se a enzima
Klenow exo-. Em seguida, realizou-se a ligagcdo de adaptadores (que possuem uma timina
overhang) para amplificacdo e sequenciamento do cDNA. Os adaptadores nao ligados foram
separados através de eletroforese e purificagdo de fragmentos de 200 a 300 pares de base,
correspondentes ao cDNA ligado aos adaptadores. Finalmente, as bibliotecas foram enriquecidas
através de 15 ciclos de PCR utilizando-se primers complementares as sequencias dos
adaptadores. A concentragdo e a qualidade das bibliotecas foram aferidas utilizando-se o

fluorébmetro Qubit (Invitrogen, EUA) e o sistema de eletroforese capilar Experion (Bio-Rad, EUA).
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Os sequenciamentos foram realizados utilizando-se os equipamentos Genome Analyzer IlIx ou
HiSeq2000 (lllumina, EUA). Sequéncias single-ends e paired-ends com tamanhos entre 37 e 50 pb

foram produzidas (ver Tabela 1 para detalhes).

Mapeamento de reads e analise de expressao génica

Apés o sequenciamento das bibliotecas, os reads obtidos foram submetidos a analises
bioinformaticas. O programa Bowtie (Langmead et al., 2009) foi utilizado para alinhar os reads
contra uma referéncia constituida de 17.008 modelos génicos de M. perniciosa e 34.997 modelos
génicos do cacau (versdo 0.9, disponiveis publicamente em http://www.cacaogenomedb.org). O
alinhamento foi realizado permitindo-se até um mismatch e excluindo-se reads mapeados em mais
de uma posicao na referéncia. A quantidade de reads mapeada em cada gene foi dividida pelo
tamanho do gene (em kilobases). A seguir, este valor foi normalizado pelo total de reads
mapeados da biblioteca (em milhdes de reads). Desta forma, o valor de expressido de cada gene
foi dado em RPKM (reads per kilobase exon model per million mapped reads), de forma que o
nivel de expressdo de genes dentro de uma mesma biblioteca e em bibliotecas diferentes sejam

comparaveis (Mortazavi et al., 2008).
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RESULTADOS E DISCUSSAO

Uma visdo geral do Atlas Transcriptdmico da Vassoura de Bruxa

O Atlas Transcriptébmico da Vassoura de Bruxa é composto por 61 bibliotecas de RNA-seq
que representam aproximadamente 45 condigdes de grande relevancia para o estudo desta
doenca do cacaueiro. Foram obtidos os transcriptomas dos principais estagios de desenvolvimento
do patégeno M. perniciosa, incluindo basididsporos, micélio biotréfico, micélio em transi¢do de
fase, micélio necrotréfico, primérdios de basidiomas e basidiomas maduros. Também foram
sequenciadas amostras do fungo cultivado em diferentes fontes de carbono ou tratado com
inibidores das cadeias respiratdrias mitocondriais. Transcriptomas de frutos e ramos infectados em
variados estagios da doenga também foram sequenciados, permitindo ainda a analise dos genes
do cacaueiro durante a vassoura de bruxa. As caracteristicas gerais dos dados obtidos sao
apresentadas na Tabela 1. De forma simplificada, as bibliotecas podem ser divididas em trés
classes: (I) amostras de M. perniciosa se desenvolvendo in vitro, (Il) amostras de plantas nao
infectadas, (lll) interagédo entre os dois organismos (plantas infectadas). Independente da classe a
que pertence, cada biblioteca foi mapeada contra uma referéncia contendo 17.008 genes de M.
perniciosa e 34.997 genes de T. cacao, o que permitiu a determinacao da proporg¢ao de transcritos
originarios de cada organismo. Sequéncias que mapearam em mais de uma posicao na referéncia
foram desconsideradas. Como esperado, bibliotecas de M. perniciosa em condi¢des in vitro
(classe |) apresentam baixa proporcdo de reads mapeando com genes do cacau. Similarmente,
bibliotecas de plantas sadias (classe Il) apresentam uma fragdo bastante pequena de reads com
similaridade a genes do fungo. A ocorréncia de alinhamentos inespecificos pode ser atribuida ao
pequeno tamanho das sequéncias produzidas. Ainda, sequéncias ndo mapeadas com gene
models de nenhum dos organismos sdo em geral oriundas de RNA ribossomal ou de uma parcela

de genes nao preditos nestes genomas.
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Tabela 1. Informagbes gerais das bibliotecas de RNA-seq que constituem o Altas Transcriptdmico da Vassoura de Bruxa.
Reads

o s - Reads . = Reads com
Bibliotecas Cg‘r’asc::;j;lga Codigo Nurn;z:;;de aIinhado.s com al(l:r:;?c.lrc.)s gﬁra‘zz;:: aIinh'ar.nento
M. perniciosa T multiplo
Primérdio de basidiomas 36pb SE PRD1 20.033.649 2%?%%%8 (%,72'?)?/?) 7('2??'7502? 23;?%?
Basidioma 36pb SE BDA4 30.384.732 2(27"2)“‘5%&9)3 (?6?1'?;?/?) ?'216‘9?;'7702)7 g%g;ﬁ
Esporos ndo germinados 36pb SE NGS1 30.251.513 1(75;5771%8)4 (%22213/5’) 1(24?8661%8)1 23525,;3
Esporos germinando 36pb SE GE1 27.753.555 1(132%%;:3)2 (%73233) 923%726‘1:’2? ‘(117 E;;i?
Micélio biotréfico (7 dias) 36pb SE BIO7 28.631.853 1%2,‘252%6 (%f‘(')%‘;f) 52532?26%/3? fggg%?
Micélio necrotréfico (7 dias) 36pb SE SAP7 31.235.935 2(163%15%8 (?6‘31'(1’3?) ?'350(?45“;;02()) %ggg; 1)
Micélio biotréfico (14 dias  transicdo de fase) 37pb SE PTAT1 31.267.280 2(16%28%%0)7 (%(”1'%?;/5 9("3719?2'1?;/65 fg;g,,%
Micélio necrotrfico (14 dias) 36pb SE NEC14  25.707.455 13‘;3%16%6)9 (‘(‘)?1'98?/3) ?é%ﬂ%:? fg;g’%
Micélio biotréfico (28 dias — transigdo de fase completa) 35pb SE SB1 24.030.203 1&;3%%{;6)0 (‘(‘)E,iz'?)% 52538?2;2; 23,‘6‘33‘3/301)
Micélio necrotréfico (28 dias) 35pb SE NS28 22.731.804 1 %8‘3825';9)1 (%("‘2'%1/(1)) %?2630/:; zggg; 1)
Micélio necrotréfico jovem (isolado BP10) 36pb SE BN1 28.377.071 1(97'?’63%(%5)5 25’3;’%’ 7('267?29%2? fg;f,%
Micélio necrotréfico jovem (isolado FA553) 36pb SE FN3 19.324.580 1 (368,1912'0459)1 (10?6%%/:) 52'2%2’85302;‘ 23%';';4)'
Micélio necrotréfico senescente (isolado BP10) 36pb SE BV3 29.261.911 1(753%%;3)6 25 12;3 ! 238219;3)0 ?8133‘;3
Micélio necrotréfico senescente (isolado FA553) 36pb SE Fv2 20.069.353 ! (%8‘65%%3 (B%%?/?) 5('2%?8'7‘1;)7 ff%é%’
M. pemiciosa tratado com SHAM 35pb SE DPT1 27.402.510 1%8&%;9)4 (B?di%f) 7('267?;5;2? ?12 ,%f%z)
M. perniciosa tratado com azoxistrobina 35pb SE DPT2 24.559.919 1(87242%(;)0)4 (3 gj;) ) ?2%32950/80)7 %16 Bg,,i 1)
M. perniciosa tratado com SHAM + azoxistrobina 35pb SE DPT3 25.839.171 1?7257%%8)5 (g’ gg;o ) 6(2%5:2569,2? %523%2)
(Continua)
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(Continuacgao)

Reads HEEGE Reads com
o Caracteristica Numero de . alinhados Reads nao .
Bibliotecas " alinhados com ? alinhamento
dos reads ICELS . com T. EULTET [ o
M. perniciosa multiplo
cacao

- 20.632.032 20.315 7.255.476 236.259

M. perniciosa tratado com etanol (controle SHAM) 35pb SE DPT4 28.144.082 (73,31%) (0,07%) (25,78%) (0,84%)
. . . 18.008.772 45.990 7.488.256 171.087

M. perniciosa tratado com metanol (controle azoxistrobina) 35pb SE DPT5 25.714.105 (70,03%) (0,18%) (29,12%) (0,67%)
M. perniciosa tratado com etanol + metanol (controle SHAM + 19.752.482 15.836 7.071.245 221.646
azoxistrobina) 35pb SE DPT6 27.061.209 (72,99%) (0,06%) (26,13%) (0.82%)
. . . . 19.566.074 52.147 7.172.835 253.139

M. perniciosa induzido com glicerol 35pb SE OLP1 27.044.195 (72,35%) (0,19%) (26,52%) (0,94%)
S . . 23.299.766 23.770 8.210.155 242.793

M. perniciosa induzido com pectina 35pb SE PECP1 31.776.484 (73,32%) (0,07%) (25,84%) (0,76%)
- . . . . - 21.384.681 28.755 6.541.075 211.116

M. periciosa induzido com acido poligalacturonico 36pb SE POP1 28.165.627 (75,92%) (0,10%) (23,22%) (0,75%)
. . . . . 17.682.780 47.195 6.791.259 211.152

M. perniciosa induzido com glicose 35pb SE GliP1 24.732.386 (71,50%) (0,19%) (27,46%) (0,85%)
. . . 18.852.591 35.054 6.144.153 258.498

M. perniciosa induzido com metanol 35pb SE METP1 25.290.296 (74,54%) (0,14%) (24,29%) (1,02%)

L . 32.358.702 50 23.109.373 87.973

M. perniciosa induzido com extrato de cacau 50pb PE CAP1 55.556.098 (58,25%) (0,00%) (41,60%) (0,16%)
o P e 15.005.302 25.113 8.020.106 220.348
Micélio necrotréfico in vitro (Bidtipo S) 36pb SE APS1 23.270.869 (64,48%) (0,11%) (34,46%) (0,95%)
. P . 14.737.140 16.693 6.782.538 219.932
Micélio necrotrdfico in vitro (Bidtipo S) 36pb SE APS2 21.756.303 (67,74%) (0,08%) (31,18%) (1,01%)
. e . 14.098.804 14.600 6.446.710 215.036
Micélio necrotroéfico in vitro (Biétipo S) 36pb SE APS4 20.775.150 (67,86%) (0,07%) (31,03%) (1,04%)
. 5.017.823 15.820.914 6.438.191 400.904

Fruto sadio (casca) 37pb SE HS2 27.677.832 (18,13%) (57,16%) (23,26%) (1,45%)
. 1.460 18.559.342 3.307.284 417.316

Fruto sadio (sementes) 35pb SE HPB2 22.285.402 (0,01%) (83,28%) (14,84%) (1,87%)
L . = 11.697.285 8.996.616 7.098.503 426.668

Fruto em inicio da infecgdo (casca) 36pb SE GS3 28.219.072 (41,45%) (31,88%) (25,15%) (1,51%)
Lo . ~ 7.665.964 11.921.476 6.587.615 413.928

Fruto em inicio da infecg&o (sementes) 37pb SE GPB1 26.588.983 (28,83%) (44,84%) (24,78%) (1,56%)
. 8.452.317 13.015.189 6.517.977 450.249

Fruto necrosando (casca da regido viva) 36pb SE DG2 28.435.732 (29,72%) (45,77%) (22,92%) (1,58%)
(Continua)
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(Continuacgao)

Gt . Reads Beads = Reads com
Bibliotecas Cg;zc::;gilga Nu;r‘;::;)s de aIinhado_s com aI(I:r;P::c-irt')s ’:ﬁiﬁi:gg alinh'ar_nento
M. perniciosa PR multiplo
Fruto necrosando (casca da regido morta) 36pb SE DR2 26.387.255 52119138?:’/90? ?10 %575/)3 2(076738757‘;8)8 (3)72333)
Fruto necrosando (sementes) 36pb SE DPB1 24.623.147 ?231222%/60)5 1(:'}5:2812309/35 ?2%225102 ‘)1 ?f‘ég;:;
Fruto podre (casca) 35pb SE BS5 16.184.686 ?52{2,2;5%2)7 (‘(‘)‘?2";1/3) 7(;1132'59,2;‘ 23,57'14%’
Fruto podre (sementes) 36pb SE BPB1 28.007.214 1?7'?2%5&5)5 233’73;3) 7('267?29%2? fg;f%
Vassoura verde 36pb SE GB1 13.143.266 63.460 (0,48%) 1((231725180%7)1 2(1160817"2;? %15‘;3?"13
Cacau sadio (controle vassoura verde) 35pb SE HA1 28.205.254 (0’(1)8% ) 2(253;35()9%())7 ‘:187720%/13 ?29533’143
Vassoura inicio da necrose 35pb SE NA4 30.140.571 ?g Aégci? 2&?5719%9 ‘:1%0382"2‘)5 ?23%3;{;
Cacau sadio (controle inicio da necrose) 35pb SE HB3 28.411.022 (0‘88% ) 2(288%50‘;0)7 ‘:1665,2710/?,()) 527,5;1?‘%
Vassoura necrose avangada 35pb SE NB1 26.499.917 ?;' ?)52:/-:(; %3456;’1‘1;/80? 1&34;1%7)3 :(315 ;21013'
Cacau sadio (controle vassoura avangada) 36pb SE HC1 28.726.748 (0,38% ) 2&1%2;?)6 ‘:1%08432; ?12 2333
Vassoura seca 35pb SE DB1 23.646.179 ?’13 %;BS 28 if“% 2(39396%%2)1 (g)ooif/?)
Cacau sadio (controle vassoura seca) 36pb SE HD2 23.400.070 (0‘(1)3% ) 2&2‘55%;39 2(1711'2150/:? ‘(113 %56;3
Basidioma (directional) 36pb SE DIBDA4  32.104.741 1 (3;1'2’75%%8 (2)?6953/?) 1(85'2’23&3)2 (%”"égf/f)
Micélio monocariético (directional) 36pb SE DIBIO1 19.097.253 1 %gig-f,iy (3'539% ) ?5%9,36%2? 23’175’%;
Micélio dicariético (directional) 36pb SE DISAP1 9.290.622 5(;;31,291/50)3 (3'33% ) 3;;181(?86%/10()3 (%?615%/?)
Vassoura verde (directional) 36pb SE DIGB2 32.968.672 (%(,)i‘éf/f) 2(162‘0731&3)0 1 (13':'16%3:)2 ‘(118,3'72;3
Cacau sadio (controle vassoura verde — directional) 36pb SE DIHCA1 31.258.985 (0’10%7% ) 2(27:'%%%2)6 8(2%121‘},2? ‘(117 %15 ;;A)'
(Continua)
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(Continuacgao)

c - Nii d Reads I.Riazs Reads na Reads com
Bibliotecas CHEIE T Cadigo Hmere e alinhados com AANacos das fao alinhamento
dos reads * ICELS ) . com T. EULTET [ o

. perniciosa PR multiplo

265.238 56.884.442 19.436.411 722.147

Vassoura verde 50pb PE NZ3 77,308,238 (0,34%) (73,58%) (25,14%) (0,93%)
158.021 82.127.996 19.768.446 1.141.890

Vassoura verde 48pb PE VwW4C 103,196,353 (0,15%) (79,58%) (19,16%) (1,11%)
186.831 71.473.561 17.947.875 983.456

Vassoura verde 48pb PE VV3F 90,591,723 (0.21%) (78,90%) (19,81%) (1,09%)
196.086 67.870.238 15.023.953 863.015

Vassoura verde 48pb PE Wi1D 83,953,292 (0,23%) (80,84%) (17,90%) (1,03%)
904.727 167.016.562 37.216.370 2.304.097

Vassoura verde 48pb PE VVOE 207,441,756 (0,44%) (80,51%) (17,94%) (1,11%)
. 12 73.928.395 21.642.608 1.285.039

Cacau sadio (controle vassoura verde) 48pb PE HA2 96,856,054 (0,00%) (76,33%) (22,35%) (1,33%)
. 91 65.521.727 14.698.132 730.639

Cacau sadio (controle vassoura verde) 48pb PE CS4B 80,950,589 (0,00%) (80,94%) (18,16%) (0,90%)
. 208 68.962.874 16.462.275 1.029.607

Cacau sadio (controle vassoura verde) 48pb PE CS3D 86,454,964 (0,00%) (79,77%) (19,04%) (1,19%)
. 633 68.560.121 12.864.461 1.135.444

Cacau sadio (controle vassoura verde) 48pb PE CS2E 82,560,659 (0,00%) (83,04%) (15,58%) (1,38%)
. 27 73.930.327 14.077.162 1.652.215

Cacau sadio (controle vassoura verde) 48pb PE CS0D 89,659,731 (0,00%) (82,46%) (15,70%) (1,84%)

Cada linha da tabela representa uma biblioteca diferente.

* SE: Bibliotecas single-end. PE: Bibliotecas paired-end.
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A analise de ramos infectados (vassouras — classe lll) revelou que a quantidade total de
transcritos do fungo é maior nos estagios avangados da doenca (Figura 5), o que esta de acordo
com a maior taxa de crescimento do micélio necrotrofico (Penman et al., 2000). Apesar de
pequena, a propor¢cdo de transcritos do fungo detectada em plantas infectadas foi
consideravelmente maior do que a proporgao de alinhamentos inespecificos observados em
plantas sadias (Tabela 1). Surpreendentemente, a biblioteca construida a partir de vassoura seca
apresentou uma elevada quantidade de reads que ndo mapearam com o hospedeiro ou com o
patdégeno. A diminuigdo de transcritos do cacaueiro era esperada nesse estagio da doenga, uma
vez que a planta apresenta avangado estado de necrose. Por outro lado, esperava-se encontrar a
prevaléncia de transcritos de M. perniciosa. A inspecao dos reads ndo mapeados revelou a
existéncia de ascomicetos saprofiticos na amostra, os quais provavelmente se desenvolveram

como oportunistas no tecido morto da planta.

2.5 -

Proporgdo de transcritos de M. perniciosa (%)

0 T T T 1

Vassoura verde Inicio da necrose Necrose avancada Vassoura seca

Figura 5. Proporgcdo de transcritos de M. perniciosa em plantas infectadas durante a progressédo da
vassoura de bruxa.
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A existéncia de outros fungos é facilmente observada em vassouras secas no campo, 0
que esta de acordo com nossos resultados obtidos em casa de vegetagao. Desta forma, € possivel
que o fungo M. perniciosa esteja sujeito a intensa competicdo com outros microrganismos durante
seu desenvolvimento na vassoura seca. Suportando esta ideia, Rincones et al., (2008) reportaram
elevada expressdo de um gene codificante da proteina antifungica KP4 (Clausen et al., 2000) no
micélio necrotrofico de M. perniciosa, o que também foi validado por nossos dados de RNA-seq.
Experimentos controlados utilizando réplicas bioldgicas adicionais e, preferencialmente, incluindo
vassouras secas coletadas em campo, sdo necessarios para se confirmar esta hipotese.

A interagcdo entre o cacaueiro e o fungo M. perniciosa também foi avaliada em cascas e
sementes de frutos. Em contraste com a infecgdo em ramos, uma proporgao relativamente alta de
transcritos do fungo foi identificada nos frutos (tipicamente de 30 a 60%). Assim como em
vassoura seca, sequéncias de microrganismos oportunistas foram identificadas nas cascas de um
fruto podre. Por outro lado, transcritos de outros fungos nao foram identificados nas sementes
deste mesmo fruto, sugerindo que M. perniciosa ndo enfrente competicdo com oportunistas no
interior de frutos. Desta forma, é possivel que a infeccao deste tecido ofere¢ca vantagens
importantes para o desenvolvimento de M. perniciosa, tais como auséncia de competidores e
elevada disponibilidade nutricional. Uma caracteristica tipica de M. perniciosa sdo os sintomas
iniciados a partir do interior dos frutos, o que fortalece a ideia de que este € um ambiente vantajoso

para o desenvolvimento do fungo.

O Atlas Transcriptomico como ferramenta para anotagao génica

Uma utilidade primaria dos dados de RNA-seq obtidos se da quanto a predicdo e/ou
confirmacgao de regides codantes do genoma. O alinhamento dos reads contra uma referéncia de
DNA gendmico evidencia regides transcritas, permitindo a definicdo de fronteiras entre exons e

introns, por exemplo. E possivel definir ainda as regides de inicio e fim da transcricdo de um gene,

e identificar variagdes de splicing. A Figura 6 mostra um exemplo de mapeamento de reads contra
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um gene do fungo M. perniciosa. Observa-se que a cobertura de reads é intensa nos exons e
baixa nos introns. Esta ferramenta é extremamente util na analise de estrutura génica, permitindo a
identificacdo das regides que fazem parte de transcritos maduros, uma informagdo de grande

importancia na realizagdo de um projeto genoma.

Intron5 Intron7
|Intron6 |Intron8
Intrond Exoné Exon8 Intron9

Exon$ Exon10 3

Intron2
|Intron3
Exon3

UTR
L Em——

M aaaAlh s fon

Figura 6. Alinhamento de reads de RNA-seq em um fragmento de DNA gendémico do fungo M. perniciosa. A
regido apresentada corresponde ao gene codificante da proteina oxidase alternativa. Observam-se regides
correspondentes aos exons e introns, evidenciados pela diferenga de cobertura de reads nessas regides.

5°UTR

Cobertura

Ainda, nosso conjunto de dados inclui bibliotecas denominadas “direcionais” (Tabela 1).
Diferentemente das bibliotecas de RNA-seq convencionais, estas bibliotecas ndo envolvem a
sintese de cDNA dupla fita, sendo construidas apenas com as moléculas originais de mRNA da
célula. Como consequéncia, o sentido de cada transcrito € preservado, permitindo a identificagcao
da direcdo da transcricdo de cada gene expresso. A Figura 7 exemplifica um alinhamento

utilizando bibliotecas direcionais.

Analises de expressao génica: Quando cada gene é necessario?

A grande variedade de bibliotecas de RNA-seq permite que cada gene de M. perniciosa
tenha seu perfil de expressdo inspecionado de forma abrangente. O genoma deste fungo codifica
aproximadamente 17 mil genes, dos quais uma pequena parcela pode ter fungdes biologicas
atribuidas com base em similaridade com proteinas de outros organismos. Isto se torna ainda mais
relevante considerando-se que basidiomicetos formam um grupo de fungos pouco estudados, de

forma que muitas proteinas sdo descritas apenas como “hipotéticas”. Ainda, proteinas envolvidas
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Verifica-se que a definicdo dos limites entre os genes € bem demarcada utilizando-se reads de RNA-

convencional. Reads marcados em cores diferentes mapearam em fitas distintas do DNA gendmico.

Neste contexto, o Atlas Transcriptdmico da Vassoura de Bruxa é uma ferramenta de

teses e investigacdo de mecanismos envolvidos na

de hipd

grande utilidade para a elaboragéo

interacdo entre o patégeno M. perniciosa e o cacaueiro. Como exemplo, a Figura 8 mostra a
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expressao de um gene de M. perniciosa codificante para uma invertase extracelular. Invertases
sdo enzimas que catalisam a quebra da sacarose em glicose e frutose. A sacarose, por sua vez, &
a forma pela qual o carbono assimilado durante a fotossintese é transportado em plantas.
Notavelmente, este gene apresenta elevada expressado durante a germinagdo dos esporos, um
estagio altamente comprometido com o estabelecimento da infegdo. Com base neste dado, é
possivel especular que M. perniciosa utilize sacarose encontrada na planta para sustentar seu
desenvolvimento inicial e colonizacdo do hospedeiro. A germinagcao dos esporos relaciona-se
diretamente com a viruléncia do fungo e sera mais bem investigada em trabalhos futuros do grupo.

Similarmente, a Figura 9 apresenta a expressao de um gene aparentemente especifico de
M. perniciosa (no hit em buscas por sequéncias similares em bases de dados). A sua expressao
exclusiva durante a interagao biotréfica com o cacaueiro pode ser um forte indicio de um papel na
patogenicidade deste fungo. Apesar disso, o perfil de expressao génica constitui apenas uma
primeira linha de evidéncias quanto a fungao da proteina codificada. Neste contexto, candidatos a
fatores de patogenicidade (efetores) tém sido selecionados para estudos funcionais especificos,
como por exemplo, a resolugdo da estrutura tridimensional da proteina codificada.

Também ¢é interessante ilustrar o perfil de expressdo do gene NEP2 (necrosis- and
ethylene-inducing protein). Este gene codifica uma proteina com capacidade de causar necrose no
cacaueiro, sendo apontado como central na viruléncia de M. perniciosa (Garcia et al., 2007). Em
concordancia com seu papel bioldgico, nossos dados de RNA-seq mostram que o gene NEP2 é
distintivamente expresso nos estagios da doenga em que pronunciada necrose é observada no
cacaueiro, ou seja, na transicao entre o estagio biotréfico para o necrotrofico da vassoura de bruxa
(Figura 10). Surpreendentemente, o gene NEP também é altamente expresso quando M.
perniciosa é cultivado in vitro na presenca de acido salicil hidroxdmico (SHAM). Esta molécula é
um inibidor da enzima mitocondrial oxidase alternativa (AOX), cujo funcionamento parece ser
importante para a manutengao do desenvolvimento biotréfico de M. perniciosa (Thomazella et al.,

2012 — Ver capitulo VI).
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Figura 8. Perfil de expressdo de um gene que codifica uma invertase extracelular em M. perniciosa.
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Figura 9. Perfil de expressdo de um gene que codifica um candidato a efetor em M. perniciosa. Verifica-se que o gene é majoritariamente
expresso durante interagéo biotroéfica com o cacaueiro.
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Figura 10. Perfil de expresséo do gene NEP2 de M. perniciosa, o qual codifica uma proteina capaz de necrosar os tecidos do cacaueiro.
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Desta forma, a indugdo do gene NEP2 em uma condicdo em que o funcionamento da
enzima AOX é bloqueado pode indicar um crosstalk direto entre o metabolismo energético do
fungo e a transicdo para a sua fase necrotréfica. Os exemplos mencionados mostram de forma
simplificada como um abrangente Atlas Transcriptdbmico pode ser utilizado no estudo de
organismos ainda pouco compreendidos. Analises mais detalhadas tém o potencial de revelar
processos relevantes para um determinado fendmeno biolégico. Por exemplo, a busca por outros
genes com perfil de expressao similar ao do gene NEP2 pode indicar novos candidatos envolvidos
na morte do cacaueiro. Ainda, a analise de genes corregulados pode revelar regides promotoras
responsaveis pela regulagdo da expressédo génica em condigdes de interesse para o estudo da

vassoura de bruxa.

Analise global do Atlas Transcriptomico da Vassoura de Bruxa

A analise global das bibliotecas de RNA-seq revelou interessantes caracteristicas da
biologia do patégeno M. perniciosa. A relagdo entre diferentes transcriptomas do fungo é
apresentada na Figura 11. Nesta analise, trés grandes grupos podem ser observados: (I)
transcriptomas do fungo durante seu desenvolvimento in vitro (vermelho), (Il) transcriptomas do
fungo durante a infecgédo de frutos (amarelo), (lll) transcriptomas do fungo durante a infecgédo de
ramos (verde). Desta forma, & possivel afirmar que a programacdo genética do patdgeno é
claramente diferente em cada uma destas situagdes. Apesar de trabalhos anteriores terem se
baseado no desenvolvimento in vitro de M. perniciosa para a identificagdo e mecanismos de
patogenicidade (Rincones et al., 2008; Leal et al., 2010), nossos resultados indicam que o estudo
do patégeno diretamente durante sua interagdo com o cacaueiro deve indicar aspectos ainda
inexplorados e de grande relevancia para o entendimento da doenca (ver Capitulo Il para uma

analise detalhada).
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Figura 11. Relacdo entre diferentes transcriptomas do fungo M. perniciosa. A técnica de redugédo de
variaveis multidimensional scaling (MDS - Robinson et al., 2010) foi aplicada para que os dados pudessem
ser plotados em duas dimensdes. Observam-se trés grupos distintos: transcriptomas do fungo in vitro,
transcriptomas do fungo durante a infecgdo de frutos e transcriptomas do fungo durante a infecgdo de
ramos. O ponto verde junto as amostras in vitro representa o estagio de vassoura seca da doenga, na qual o
fungo coloniza o tecido morto da planta.

A clara diferenga entre os transcriptomas de M. perniciosa durante as infeccdes de frutos e
ramos pode refletir a utilizacao de estratégias especificas para a colonizacao de diferentes tecidos
do cacaueiro. Recentemente, Skibbe et al., (2010) demonstraram que o fungo Ustilago maydis
utiliza genes de viruléncia completamente diferentes ao infectar estruturas diferentes do milho.
Similarmente, o patdogeno Magnaporthe oryzae é capaz de infectar folhas e raizes do arroz,
adotando estratégias especificas para cada tecido (Marcel et al., 2010). Enquanto a infecgdo de
folhas resulta em rapida necrose do tecido da planta, o fungo apresenta um comportamento similar
ao de um endofitico durante a infecgao de raizes, permanecendo em contato com as células vivas

do hospedeiro durante um longo tempo (Marcel et al., 2010).
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Esta observagao abre novas possibilidades para o estudo da viruléncia de M. perniciosa,
cuja colonizagdo em frutos foi pouco explorada até o momento. Nossos dados indicam que M.
perniciosa expressa um conjunto de genes codificantes de enzimas responsaveis pela geracéo de
peréxido de hidrogénio durante a infeccdo de frutos. Além disso, muitos genes envolvidos no
metabolismo de ferro também foram identificados (dados nao mostrados), o que sugere fortemente
a ocorréncia da chamada reacdo de Fenton (Baldrian & Valaskova, 2008). Este processo, ja
descrito para fungos saprofiticos como o basidiomiceto Postia placenta (Martinez et al., 2009),
baseia-se na reacdo do perédxido de hidrogénio com o ferro resultando na producéo de radical
hidroxila. Este radical, por sua vez, é altamente reativo e atua na degradagcao da parede celular
vegetal. Considerando-se a rigidez da casca do cacau, uma estratégia mais agressiva parece ser
necessaria para a degradacdo da parede celular do fruto. Analises comparativas entre os
transcriptomas de frutos e ramos estdo sendo iniciadas em nosso laboratério e tém o potencial de
indicar mais claramente as diferencas entre as estratégias de infeccao dos diferentes 6rgaos do
cacaueiro.

Curiosamente, a espécie M. roreri ndo é capaz de infectar ramos do cacaueiro, sendo
considerado um patégeno mais especializado (Evans, 2007). Desta forma, é possivel que a
estratégia de infeccdo de ramos por M. perniciosa se diferencie consideravelmente dos
mecanismos de patogenicidade de M. roreri. Neste sentido, estudos comparativos tém o potencial
de indicar aspectos comuns e diferentes nas estratégias de infecgdo destas espécies
proximamente relacionadas. E interessante ressaltar ainda que variedades tolerantes a vassoura
de bruxa costumam apresentar menor incidéncia de ramos infectados, porém, observa-se que a
tolerdncia muitas vezes nao se manifesta em almofadas florais ou frutos. Assim, nossos dados
fornecem uma possivel explicagdo para esta observacao e podem direcionar estratégias visando a

obtencao de variedades de cacau plenamente resistentes a vassoura de bruxa.
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Disponibilizagao dos dados do Atlas Transcriptomico da Vassoura de Bruxa

Um website esta em fase final de desenvolvimento para facilitar o acesso as informacoes
produzidas neste trabalho. Ferramentas de busca serdo implantadas de forma que os
pesquisadores possam acessar os valores de expressdo de genes especificos em bibliotecas de
RNA-seq de interesse. As informagdes estarao inicialmente disponiveis apenas aos pesquisadores
do Laboratério de Gendmica e Expressdo da Unicamp e a grupos colaboradores. No entanto, os
dados poderao ser publicamente acessados apds a publicagdo de artigos cientificos. De modo
geral, o Atlas Transcriptdmico da Vassoura de Bruxa representa um importante avango no estudo
desta doenca do cacaueiro e tem servido como ponto de partida para uma série de estudos

adicionais, alguns dos quais serao melhor explorados nos préximos capitulos desta tese.

REFERENCIAS

Baldrian P, Valaskova V (2008) Degradation of cellulose by basidiomycetous fungi. FEMS Microbiol Rev 32:
501-521

Brady SM, Long TA, Benfey PN (2006) Unraveling the dynamic transcriptome. Plant Cell 18: 2101-2111

Clausen M, Krauter R, Schachermayr G, Potrykus |, Sautter C (2000) Antifungal activity of a virally
encoded gene in transgenic wheat. Nat Biotechnol 18; 446-449

da Hora Junior BT, Poloni JF, Lopes MA, Dias CV, Gramacho KP, Schuster I, Sabau X, Cascardo JC,
Mauro SM, Gesteira AS, et al. (2012) Transcriptomics and systems biology analysis in identification
of specific pathways involved in cacao resistance and susceptibility to witches' broom disease. Mol
Biosyst 8: 1507-1519

Dou D, Zhou JM (2012) Phytopathogen effectors subverting host immunity: different foes, similar
battleground. Cell Host Microbe 12: 484-495

Evans HC (1980) Pleomorphism in Crinipellis perniciosa, causal agent of witches' broom disease of cocoa.
Transactions of the British Mycological Society 74: 515-523

Evans HC (2007) Cacao diseases-the trilogy revisited. Phytopathology 97: 1640-1643

Formighieri EF, Tiburcio RA, Armas ED, Medrano FJ, Shimo H, Carels N, Goes-Neto A, Cotomacci C,
Carazzolle MF, Sardinha-Pinto N, et al. (2008) The mitochondrial genome of the phytopathogenic
basidiomycete Moniliophthora perniciosa is 109 kb in size and contains a stable integrated plasmid.
Mycol Res 112: 1136-1152

Frias G, Purdy LH, Schmidt RA (1995) An inoculation method for evaluating resistence of cacao to
Crinipellis perniciosa. Plant Disease 79: 787-791

-58 -



Garcia O, Macedo JA, Tiburcio R, Zaparoli G, Rincones J, Bittencourt LM, Ceita GO, Micheli F,
Gesteira A, Mariano AC, et al. (2007) Characterization of necrosis and ethylene-inducing proteins
(NEP) in the basidiomycete Moniliophthora perniciosa, the causal agent of witches' broom in
Theobroma cacao. Mycol Res 111: 443-455

Gesteira AS, Micheli F, Carels N, Da Silva AC, Gramacho KP, Schuster I, Macedo JN, Pereira GA,
Cascardo JC (2007) Comparative analysis of expressed genes from cacao meristems infected by
Moniliophthora perniciosa. Ann Bot 100: 129-140

Griffith G, Hedger J (1993) A novel method for producing basidiocarps of the cocoa pathogen Crinipellis
perniciosa using a bran-vermiculite medium. Neth J P Path 99: 227-230

Hayashizaki Y (2003) The Riken mouse genome encyclopedia project. C R Biol 326: 923-929

Kilian J, Whitehead D, Horak J, Wanke D, Weinl S, Batistic O, D'Angelo C, Bornberg-Bauer E, Kudla J,
Harter K (2007) The AtGenExpress global stress expression data set: protocols, evaluation and
model data analysis of UV-B light, drought and cold stress responses. Plant J 50: 347-363

Laloi M, McCarthy J, Morandi O, Gysler C, Bucheli P (2002) Molecular and biochemical characterisation of
two aspartic proteinases TcAP1 and TcAP2 from Theobroma cacao seeds. Planta 215: 754-762

Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and memory-efficient alignment of short
DNA sequences to the human genome. Genome Biol 10: R25

Leal GA, Albuquerque PS, Figueira A (2007) Genes differentially expressed in Theobroma cacao
associated with resistance to witches' broom disease caused by Crinipellis perniciosa. Mol Plant
Pathol 8: 279-292

Leal GA, Gomes LH, Albuquerque PS, Tavares FC, Figueira A (2010) Searching for Moniliophthora
perniciosa pathogenicity genes. Fungal Biol 114: 842-854

Marcel S, Sawers R, Oakeley E, Angliker H, Paszkowski U (2010) Tissue-adapted invasion strategies of
the rice blast fungus Magnaporthe oryzae. Plant Cell 22: 3177-3187

Marioni JC, Mason CE, Mane SM, Stephens M, Gilad Y (2008) RNA-seq: an assessment of technical
reproducibility and comparison with gene expression arrays. Genome Res 18: 1509-1517

Martinez D, Challacombe J, Morgenstern I, Hibbett D, Schmoll M, Kubicek CP, Ferreira P, Ruiz-Duenas
FJ, Martinez AT, Kersten P, et al. (2009) Genome, transcriptome, and secretome analysis of wood
decay fungus Postia placenta supports unique mechanisms of lignocellulose conversion. Proc Natl
Acad Sci U S A 106: 1954-1959

Meinhardt LW, Bellato CM, Rincones J, Azevedo RA, Cascardo JC, Pereira GA (2006) In vitro production
of biotrophic-like cultures of Crinipellis perniciosa, the causal agent of witches' broom disease of
Theobroma cacao. Curr Microbiol 52: 191-196

Meinhardt LW, Rincones J, Bailey BA, Aime MC, Griffith GW, Zhang D, Pereira GA (2008)
Moniliophthora perniciosa, the causal agent of witches' broom disease of cacao: what's new from this
old foe? Mol Plant Pathol 9: 577-588

Metzker ML (2010) Sequencing technologies - the next generation. Nat Rev Genet 11: 31-46

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B (2008) Mapping and quantifying mammalian
transcriptomes by RNA-Seq. Nat Methods 5: 621-628

Penman D, Britton G, Hardwick K, Collin H, Isaac S (2000) Chitin as a measure of biomass of Crinipellis
perniciosa, causal agent of witches' broom disease of Theobroma cacao. Mycol Res 104: 671-675

-59 -



Pereira JL, deAlmeida LCC, Santos SM (1996) Witches' broom disease of cocoa in Bahia: Attempts at
eradication and containment. Crop Protection 15: 743-752

Pires AB, Gramacho KP, Silva DC, Goes-Neto A, Silva MM, Muniz-Sobrinho JS, Porto RF, Villela-Dias
C, Brendel M, Cascardo JC, et al. (2009) Early development of Moniliophthora perniciosa
basidiomata and developmentally regulated genes. BMC Microbiol 9: 158

Purdy LH, Schmidt RA (1996) Status of cacao witches' broom: biology, epidemiology, and management.
Annu Rev Phytopathol 34: 573-594

Rincones J, Scarpari LM, Carazzolle MF, Mondego JM, Formighieri EF, Barau JG, Costa GG, Carraro
DM, Brentani HP, Vilas-Boas LA, et al. (2008) Differential gene expression between the biotrophic-
like and saprotrophic mycelia of the witches' broom pathogen Moniliophthora perniciosa. Mol Plant
Microbe Interact 21: 891-908

Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics 26: 139-140

Sambrook J, Fritsch E, Maniatis T (1989) Molecular cloning: a laboratory manual. Cold Spring Harbour Lab
Press, EUA,

Skibbe DS, Doehlemann G, Fernandes J, Walbot V (2010) Maize tumors caused by Ustilago maydis
require organ-specific genes in host and pathogen. Science 328: 89-92

Thomazella DP, Teixeira PJ, Oliveira HC, Saviani EE, Rincones J, Toni IM, Reis O, Garcia O, Meinhardt
LW, Salgado I, et al. (2012) The hemibiotrophic cacao pathogen Moniliophthora perniciosa depends
on a mitochondrial alternative oxidase for biotrophic development. New Phytol 194: 1025-1034

Wheeler B (1985) The growth of Crinipellis perniciosa in living and dead cocoa tissue. Symp Ser Br Mycol
Soc 10: 103-116

-60 -



Capitulo Il

High-resolution transcript profiling of the atypical
biotrophic interaction between Theobroma cacao and

the fungal pathogen Moniliophthora perniciosa

Paulo José P.L. Teixeira*, Daniela P.T. Thomazella*, Osvaldo Reis, Paula F.V. do Prado, Maria

C.S. do Rio, Gustavo G.L. Costa, Ramon O. Vidal, Jorge M.C. Mondego, Piotr Mieczkowski,

Gongalo A.G. Pereira

* Autores com igual contribuigdo

Trabalho submetido para publicagdo na revista The Plant Cell.

-61-



-62 -



APRESENTAGAO

Este capitulo apresenta uma analise transcriptémica detalhada da interagao biotréfica entre
o fungo Moniliophthora perniciosa e o cacaueiro. Em contraste com a maioria dos patdgenos
hemibiotréficos, que apresentam uma fase biotréfica rapida e assintomatica, o desenvolvimento
biotréfico de M. perniciosa pode durar de dois a trés meses e € responsavel pelos principais
sintomas da doenca na planta. Esta particularidade torna a vassoura de bruxa um interessante
modelo de estudo para a compreensdo de interagdes planta-patégeno. Ainda que o Atlas
Transcriptdbmico da Vassoura de Bruxa seja constituido por dezenas de bibliotecas especificas,
decidimos dedicar grande parte de nossos esforgos para dissecar este estagio peculiar da doenca.
O trabalho envolveu o sequenciamento de dez bibliotecas de RNA-seq e a realizacdo de analises
bioquimicas e histolégicas que, em conjunto, revelaram importantes aspectos da vassoura de
bruxa. Surpreendentemente, verificamos que plantas infectadas sofrem um processo de
senescéncia em decorréncia de privagdo nutricional. Esta senescéncia parece ser um evento
central no desenvolvimento da doenga, podendo induzir a mudanca para o estagio necrotréfico de
M. perniciosa. Um modelo que sumariza a base molecular e fisiolégica da interagéo biotréfica entre
M. perniciosa e o cacaueiro foi elaborado. Além de investigar as respostas da planta ao patdégeno,
este é o primeiro trabalho a apresentar o perfil transcricional do fungo M. perniciosa durante seu

desenvolvimento in planta.

Nota: Este trabalho possui uma grande quantidade de material suplementar que ndo pode ser apresentado
na versao impressa desta tese. Por isso, disponibilizamos este material online em:

www.lge.ibi.unicamp.br/tese/paulo
Login: Banca _examinadora
Senha: material_suplementar
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SYNOPSIS

This work dissects the intriguing biotrophic interaction between Theobroma cacao and the
fungus Moniliophthora perniciosa in the devastating witches’ broom disease. Infection by M.
perniciosa leads to massive genetic reprogramming in cacao tissues, which culminates in the onset
of a premature senescence process. A detailed molecular model of this peculiar plant-pathogen

interaction is presented.

ABSTRACT

Witches™ broom disease (WBD), caused by the hemibiotrophic fungus Moniliophthora
perniciosa, is one of the most devastating diseases of Theobroma cacao, the chocolate tree. In
contrast to other hemibiotrophic interactions, the WBD biotrophic stage lasts for months and is
responsible for the most distinctive symptoms of the disease, which comprise drastic morphological
changes in the infected shoots. Here, we used the dual RNA-seq approach to simultaneously
assess the transcriptomes of cacao and M. perniciosa during their peculiar biotrophic interaction.
Infection with M. perniciosa triggers massive metabolic reprogramming in the diseased tissues.
Although apparently vigorous, the infected shoots are energetically expensive structures
characterized by the induction of ineffective defense responses and by a clear carbon deprivation
signature. Remarkably, the infection culminates in the establishment of a senescence process in
the host, which signals the end of the WBD biotrophic stage. Thus, M. perniciosa biotrophic mycelia
develop as long-term parasites that orchestrate changes in plant metabolism to increase the
availability of soluble nutrients before plant death. Collectively, our results provide unprecedented
findings on an intriguing tropical disease and advance our understanding of the development of

biotrophic plant-pathogen interactions.
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INTRODUCTION

Crop diseases caused by fungi represent a major constraint to agricultural productivity,
leading to drastic economic losses each year (Fisher et al., 2012). In general, the outcome of a
disease process depends on the molecular interplay between the pathogen and its host and
involves substantial transcriptional changes in both organisms. In response to microbial invasion,
plants activate an array of defense mechanisms (e.g., reinforcement of cell walls, production of
reactive oxygen species, accumulation of antimicrobial compounds). By contrast, pathogens have
devised different strategies to evade plant immunity as well as to feed on and reproduce in the host
tissues (Dodds and Rathjen, 2010). Dissecting the molecular mechanisms governing plant-
pathogen interactions is an important step towards developing novel and effective strategies to
control diseases and improve food security.

Tropical areas have a suitable climate for the cultivation of a large number of crops.
However, they are also highly prone to the development of a variety of pathogenic microorganisms.
Despite the importance of tropical plants in maintaining the growing human population, plant
diseases of tropical regions have traditionally received little attention. The basidiomycete
Moniliophthora perniciosa causes witches’ broom disease (WBD) in Theobroma cacao, the
chocolate tree (Aime and Phillips-Mora, 2005). This highly destructive disease has negatively
affected cacao productivity in many American countries and is a threat to global cocoa production
(Purdy and Schmidt, 1996; Meinhardt et al., 2008). WBD is a challenging disease to study, as it
results from the interaction between two non-model organisms that exhibit complex life cycles.
Furthermore, genetic tools that would be suitable for analyzing these organisms are limited. On the
other hand, the economic importance of WBD and the limited knowledge on tropical plant-pathogen
interactions make the study of this disease of great relevance.

The M. perniciosa lifestyle is classified as hemibiotrophic (Evans, 1980). However, it has
some distinctive characteristics that set WBD aside from other well-studied pathosystems. In

general, hemibiotrophic pathogens (e.g., Magnaporthe oryzae and Colletotrichum spp.) display an
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initial transient and asymptomatic biotrophic stage that is rapidly followed by a destructive
necrotrophic phase, wherein the most prominent disease symptoms develop (Perfect and Green,
2001; Munch et al., 2008). Conversely, the M. perniciosa biotrophic stage is extremely prolonged,
lasting even longer than typical biotrophic interactions (e.g., those exhibited by powdery mildews,
rusts and smut diseases). During this stage, M. perniciosa slowly grows between living cacao cells
and is found at very low density within the infected tissues. Even so, biotrophic colonization induces
drastic physiological and morphological alterations in the plant (Purdy and Schmidt, 1996;
Meinhardt et al., 2008). After 2 to 3 months of biotrophic development, the infected tissues become
necrotic as WBD enters the necrotrophic stage of development (Evans, 1980).

Although M. perniciosa can also infect flowers and young fruits, the infection of shoots is
responsible for the typical symptoms of the disease, namely the formation of abnormal structures
called “green brooms” (Griffith et al., 2003). Infected shoots become swollen, with irregular growth
and loss of apical dominance, suggesting the occurrence of hormonal imbalances during disease
development. Moreover, important biochemical alterations were verified to occur in cacao plants
during WBD (Scarpari et al., 2005). Changes in soluble sugar, amino acid, secondary metabolite,
ethylene and glycerol content were observed in cacao shoots upon infection, indicating that a
remarkable degree of genetic reprogramming took place in the infected tissue (Scarpari et al.,
2005). Notably, the green broom stage is considered a commitment point in WBD progression, and
cacao plants are not able to stall fungal development once these structures have formed.

Despite considerable advances in our understanding of WBD over the past few years
(Scarpari et al., 2005; Mondego et al., 2008; Rincones et al., 2008), our knowledge of the intriguing
biotrophic interaction established between M. perniciosa and cacao is still very limited. Previous
studies investigated cacao responses to M. perniciosa infection at the transcriptional level (Gesteira
et al.,, 2007; Leal et al., 2007; da Hora Junior et al., 2012). However, they mainly involved
comparisons between resistant and susceptible genotypes, with the aim of identifying resistance

mechanisms. Consequently, little emphasis has been placed on the molecular events underlying
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the complexity of compatible interactions in WBD. Moreover, the number of genes analyzed in
these studies was restricted by the use of Sanger-based cDNA sequencing and/or nucleic acid
hybridization techniques. Such methodologies were also applied for large-scale gene expression
analyses in M. perniciosa, providing initial insight into the pathogen’s biology (Rincones et al., 2008;
Pires et al., 2009; Leal et al., 2010). Nevertheless, these studies have addressed the transcriptional
regulation of M. perniciosa exclusively under artificial conditions, and the genetic program
governing the fungal interaction with cacao remains unexplored.

Advances in next-generation sequencing technologies have opened new avenues to
realizing high-throughput analyses with the potential of uncovering key aspects of host-microbe
interactions (Studholme et al., 2011). The RNA-seq approach allows the simultaneous inspection of
transcriptomes from both the pathogen and its host with a high level of accuracy and depth,
providing the big picture of an infective process (Westermann et al., 2012). With the purpose of
dissecting the M. perniciosa-cacao interaction and establishing a foundation for the study of this
disease, a comprehensive transcriptomic analysis of WBD has recently been initiated with the
construction of the WBD Transcriptome Atlas (Teixeira et al. unpublished data). Using RNA-seq, we
analyzed a wide range of developmental stages, growth conditions and stress responses of the
fungus, both under in vitro and in planta conditions.

This work provides a detailed transcriptomic analysis of the biotrophic interaction between
M. perniciosa and cacao, which corresponds to the green broom stage of WBD. We identified
important alterations in the transcriptome of infected cacao plants that suggest the induction of a
premature senescence process triggered by depletion of nutrients in the infected tissues. The RNA-
seq data was significantly corroborated by complementary histological and biochemical assays.
Moreover, the pathogen’s transcriptome was analyzed in unprecedented depth, allowing the
characterization of the fungal nutritional and infective strategies during WBD and the identification
of putative virulence effectors. Overall, these data provide novel insights into the complex

hemibiotrophic interaction between M. perniciosa and cacao, and represent a major advance in our
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understanding of a tropical plant disease.

RESULTS

Symptoms of infected plants

Cacao seedlings inoculated with basidiospores of the pathogen M. perniciosa were
inspected for the development of the typical symptoms of WBD. The first visible symptom, a slight
swelling of the plant apical meristem, was detected approximately 20 days post infection. Within 30
days of inoculation, the typical symptoms of the green broom stage of WBD were clearly observed
(Figure 1A): diseased leaves were chlorotic (Figure 1B) and stems exhibited hypertrophic and
exacerbated growth and loss of apical dominance, as evidenced by the proliferation of lateral buds
(Figure 1C). Moreover, in this stage of WBD, the fungus was restricted to the narrow space
between cacao cells (Figure 1D). A healthy plant is shown in Figure 1E for comparison.
Interestingly, histological analyses also revealed a clear reduction in the starch content of green

brooms in comparison to healthy non-infected plants (Figure 1F and Figure 1G).

Sequencing the green broom transcriptome

Five biological replicates of each condition (healthy seedlings and seedlings at 30 days after
infection) were collected for transcriptome sequencing using RNA-seq. A preliminary RNA-seq run
of an infected plant using the lllumina Genome Analyzer lIx sequencer revealed that less than 1%
of all reads correspond to M. perniciosa transcripts. For this reason, we opted to use the Illumina
Hiseq 2000 sequencer, which has a much higher sequence throughput, thus improving the
detection of rare (i.e., fungal) transcripts. Considering that there were five biological replicates of
each condition, we produced a total of 562 million and 436 million paired reads for infected and
healthy (control) plants, respectively (Table 1). All reads were aligned against 34,997 gene models
of cacao, which are available at www.cacaogenomedb.org. For each RNA-seq library,

approximately 80% of the reads mapped to the cacao reference. Also, reads were mapped against
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plant illustrating the major morphological changes caused by Moniliophthora perniciosa infection. (B) Leaf
chlorosis observed in green brooms. (C) Detail of the loss of apical dominance observed in infected plants.
(D) Histological analysis showing fungal growth, which is restricted to the cacao intercellular space. Bar = 25
pm. (E) Healthy cacao plant. (F) Cortical region of healthy plants visualized under polarized light showing
numerous starch grains. Bar = 200 uym. (G) Infected plants are depleted in starch grains. Bar = 200 ym.
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17,008 gene models of M. perniciosa for the analysis of the fungal transcriptome. Whereas an
insignificant fraction of reads (0.0002%) from control libraries mapped to M. perniciosa genes,
approximately 0.3% of the reads derived from infected seedlings mapped to the fungal reference
(Table 1). The small proportion of M. perniciosa reads in green brooms is consistent with the low

density of fungal cells in the green broom stage of WBD (Penman et al., 2000).

Table 1. Sequencing metrics of the ten RNA-seq libraries.

Source Library Total paired-reads Mapping to T. cacao Mapping to M. perniciosa
Infected plants
11 77,308,238 56,400,430 (72.95%) 264,332 (0.34%)
12 207,441,756 165,626,752 (79.84%) 900,907 (0.43%)
13 83,953,292 67,319,071 (80.19%) 195,224 (0.23%)
14 90,591,723 70,903,224 (78.27%) 185,943 (0.21%)
15 103,196,353 81,436,515 (78.91%) 157,297 (0.15%)
Total 562,491,362 441,685,992 (78.52%) 1,703,703 (0.30%)
Healthy plants
H1 89,659,731 73,116,542 (81.54%) 26 (0.00%)
H2 82,560,659 67,931,619 (82.28%) 632 (0.00%)
H3 86,454,964 68,434,420 (79.16%) 204 (0.00%)
H4 80,950,589 65,107,761 (80.43%) 91 (0.00%)
H5 96,856,054 73,239,227 (75.62%) 14 (0.00%)
Total 436,481,997 347,829,569 (79.69%) 967 (0.00%)

Genes differentially expressed between infected and healthy plants were defined using the
edgeR software package (Robinson et al., 2010). Of the 34,997 cacao genes, 17,713 were
expressed in the conditions analyzed. Among them, 1,269 were up-regulated in green brooms and
698 were down-regulated, totaling 1,967 differentially expressed genes (see Supplemental Data
Set 1 online). In addition, gPCR assays were performed to validate gene expression values
obtained by RNA-seq. To this purpose, the expression of 28 cacao genes was analyzed in two
plants that were also sequenced by RNA-seq. A strong correlation (R*>0.92) was observed
between the results obtained using the two techniques (Figure 2A), demonstrating the reliability of
the data produced. Finally, we performed hierarchical clustering and principal component analysis

(PCA) to assess the biological variability among all samples. The results indicated that most of the
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variation in gene expression is a consequence of the infection process. Two distinct groups were
formed in the hierarchical clustering: one group comprised of infected plants and the other
comprised of healthy plants (Figure 2B). Similarly, PCA showed that the transcriptomes of infected

and healthy plants are clearly different from each other (Figure 2C).
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Metabolic pathways and protein domain enrichment analyses: an overview of the
transcriptional responses of infected plants

Global analyses of diseased cacao plants were performed to provide an overview of the
physiological alterations caused by M. perniciosa infection. Individual gene responses in metabolic
pathways were visualized using the MapMan tool (Figure 3A). A remarkable repression of genes
related to photosynthesis, tetrapyrrole (chlorophyll chromophore) biosynthesis, starch biosynthesis,
desaturation of fatty acids and nitrogen assimilation was verified. By contrast, an induction of genes
involved in secondary metabolism, cell wall modification and lipid degradation was observed. A
complete list of MapMan pathways differentially represented in green brooms is provided in
Supplemental Data Set 2 online. In addition, enrichment analysis of InterPro terms showed specific
domains and families differentially represented in green brooms (Figure 3B; see Supplemental Data
Set 3 online). Protein domains/families related to defense, hormonal metabolism, signaling
pathways, stress responses and cell wall modification were over-represented. Conversely, under-
represented terms included proteins associated with photosynthesis, chlorophyll biosynthesis,
chloroplastic RNA polymerase and desaturation of fatty acids. In general, these results indicated
important changes that occur in the green broom stage of WBD, which will be explored in the

following sections.

Transcriptional alterations in infected plants
Infected cacao tissues undergo carbon starvation during WBD

Remarkable changes in the primary metabolism of cacao plants are observed in the green
broom stage of WBD. Thirty-day-old leaves developed from apical meristems were expected to be
photosynthetically active. However, as a consequence of the disease, genes related to the
photosynthetic apparatus were down-regulated (Figure 4A; see Supplemental Data Set 4 online).
Concomitantly, severe chlorosis (Figure 1B) and lower rates of CO, assimilation (Figure 4B) were

observed in leaves developed from infected tissues in comparison to healthy plants. By contrast,
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up-regulation of genes related to the breakdown of sucrose (cell wall invertase) and transport of
hexoses (hexose transporters) was verified, indicating that the disease interferes with the normal
development of cacao meristematic tissues, resulting in the maintenance of their primary sink

capacity.
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Figure 4. Photosynthetic metabolism is impaired in
infected cacao plants. (A) Genes involved in
photosynthesis are down-regulated in green brooms
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In parallel, genes associated with the degradation of carbohydrate and lipid storage
molecules (starch and triacylglycerol, respectively) were also up-regulated, including genes
encoding amylases and lipases (see Supplemental Data Set 4 online). Indeed, reduced amounts of
starch granules were clearly observed in infected tissues (Figure 1F and Figure 1G), suggesting
that, upon infection, the plant mobilizes these storage molecules as complementary sources of
energy. In addition, genes related to the fatty acid p-oxidation pathway (see Supplemental Data Set
4 online), a process by which fatty acids are broken down to produce energy, were over-expressed.

The final product of fatty acid B-oxidation is acetyl-CoA, which can directly enter the glyoxylate
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cycle. In the glyoxylate cycle, lipids are converted into carbohydrates through the enzymes
isocitrate lyase and malate synthase, both of which have elevated levels of transcription in the
green broom stage of WBD. The remaining glycerol, derived from lipid degradation, might also be
used as energy source. The transcription of a gene encoding a FAD-dependent glycerol-3-
phosphate dehydrogenase was increased, suggesting that the phosphorylated form of glycerol
(glycerol-3-phosphate) may be directly respired in the mitochondrial electron transport chain.
Overall, the general disarrangement in plant metabolism caused by the M. perniciosa infection
appears to culminate in the deprivation of carbon skeletons, compelling the plant to obtain energy

from alternative sources.

Host nitrogen metabolism is directed towards the production of carbon skeletons

In addition to carbohydrates and lipids, plant amino acids also seem to be energetically
consumed in green brooms. Genes involved in the catabolism of several amino acids were up-
regulated (see Supplemental Data Set 4 online), which may result in the release of ammonium and
intermediate compounds to the TCA cycle or to other metabolic processes. In contrast, nitrogen
assimilation (from nitrate/ammonium to glutamine), which is a high energy consuming process, is
impaired in green brooms. Diseased plants showed decreased expression of nitrate/nitrite
reductases and glutamine synthetase genes, which encode critical enzymes for primary nitrogen
assimilation. Remarkably, despite the overall degradation of amino acids, asparagine biosynthesis
was transcriptionally induced (see Supplemental Data Set 4 online). Along with genes that are
directly involved in nitrogen biosynthesis/catabolism, several transporters that mediate the uptake
of extracellular amino acids and peptides were up-regulated (see Supplemental Data Set 3 online).
Additionally, a cacao gene that is orthologous to the tonoplast intrinsic gene subfamily of
Arabidopsis thaliana (TIP2;1) was over-expressed in green brooms. TIP2;1 was shown to mediate
the extracytosolic transport of ammonium across the tonoplast and may participate in vacuolar

compartmentalization of this toxic compound (Loqué et al., 2005).
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Insight into the hormonal metabolism of green brooms

The symptoms observed in infected cacao tissues suggest the occurrence of significant and
essentially unexplored hormonal imbalances during WBD. To identify signatures of hormonal
responses in infected cacao plants, we used the Hormonometer software, which compares the
variation in gene expression of a query experiment with indexed datasets of hormone treatments
(Volodarsky et al., 2009). Since this software requires Arabidopsis genes as input, we used 8,870
putative orthologs of cacao genes that were expressed in our experiment. To evaluate the
Hormonometer performance using this gene set, we analyzed public gene expression data of
Arabidopsis mutants with known alterations in hormone levels (i.e., efo1, arr21, nahG and nph4
arf19). As shown in Figure 5, the Hormonometer profile of each Arabidopsis mutant is highly
representative of the global hormonal alterations that occur in these plants, thus validating the use

of this set of genes.
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Figure 5. Identification of hormonal signatures based on transcriptomic data. The analysis was conducted
using the Hormonometer software, which compares gene expression data of a query experiment with
datasets of hormone responses. Transcriptomes of Arabidopsis mutants with known alterations in hormonal
responses were used as controls (arr21 - increased cytokinin response; eto? - increased ethylene response;
nahG - reduced salycilic acid levels; nph arf19/IAA - reduced auxin signaling). A positive correlation between
the query transcriptome and a hormone treatment is denoted in red, whereas a negative correlation is
represented by blue.
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Auxins. The Hormonometer profile of green brooms showed a strong correlation with auxin
responses (Figure 5). Primary auxin-responsive genes fall into three major classes: GH3, Aux/IAA
(auxin/indole-3-acetic acid protein) and SAUR (small auxin-up RNA). In accordance with the
Hormonometer result, InterPro terms representing proteins encoded by these three classes of
genes were significantly enriched in infected plants (Figure 3B; see Supplemental Data Set 3
online). Furthermore, members of the PIN and PILS (PIN-LIKES) class of auxin transporters were
differentially expressed (see Supplemental Data Set 5 online), suggesting the existence of altered
levels of auxin in green brooms. Genes involved in auxin biosynthesis were not differentially
expressed.

Gibberellins. The Hormonometer analysis also indicated a high correlation between green
brooms and gibberellin treatments (Figure 5). Several genes involved in the gibberellin response
were up-regulated in green brooms, including a-amylases, invertases, GAST-like (Gibberellic acid
stimulated transcript-like), pectinesterases, XTHs (xyloglucan endotransglycosylase/hydroxylases)
and expansins. Many of these gibberellin-responsive genes mediate cell elongation/expansion and
their increased expression is in agreement with the morphological alterations observed in infected
cacao shoots (Figure 1). Genes encoding enzymes involved in gibberellin perception (GID1-like),
biosynthesis (GA30x) and inactivation (GA20x) were also identified among the up-regulated genes
(see Supplemental Data Set 5 online).

Cytokinins. Although some components of the cytokinin signaling circuitry were up-
regulated in infected plants (see Supplemental Data Set 5 online), a clear signature of cytokinin
responses was not evident in the green broom stage of WBD (Figure 5). In accordance, a gene
involved in cytokinin biosynthesis (IPT - isopentenyltransferase) was repressed in infected plants.
Also, other genes related to the cytokinin response and biosynthesis were not differentially
expressed. Instead, many genes related to cytokinin degradation (cytokinin oxidases) or
inactivation (cytokinin glucosyltransferases) showed increased transcript levels (see Supplemental

Data Set 5 online), indicating that cytokinins are being degraded/inactivated in this stage of WBD.
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Salicylic Acid, Jasmonic Acid and Ethylene. The Hormonometer analysis showed no
correlation between green brooms and salicylic acid (SA) responses. By contrast, higher correlation
values were verified for both jasmonic acid (JA) and ethylene (ET) (Figure 5). In particular,
transcripts related to ET biosynthesis were increased in green brooms (see Supplemental Data Set
5 online). Moreover, a large number of genes encoding ERF (Ethylene response factor)
transcription factors were notably over-expressed in infected plants, supporting the participation of

ET in WBD.

M. perniciosa triggers plant defense responses during the biotrophic interaction with cacao

A remarkable characteristic of the green broom transcriptome is the prevalence of
transcripts related to defense responses (Figure 6). Several genes encoding putative immune
receptors were differentially expressed in infected plants (see Supplemental Data Set 6 online).
Remarkably, of the 1,269 up-regulated genes in green brooms, at least 143 genes (11%) belong to
the receptor-like kinase (RLK) or receptor-like protein (RLP) classes. These proteins are
transmembrane receptors that perceive extracellular molecules, including microbe-associated
molecular patterns (MAMPS) (Monaghan and Zipfel, 2012). InterPro terms related to kinases as
well as to different extracellular domains commonly found in these proteins (e.g., LRR, lectin,
malectin and WAK) were significantly enriched in infected plants (Figure 2B; see Supplemental
Data Set 3 online). In addition to RLKs and RLPs, the expression of cacao receptors belonging to
the NB-LRR family was also induced by M. perniciosa infection (see Supplemental Data Set 6
online). These genes encode intracellular proteins that directly or indirectly recognize pathogen
effectors, leading to strong resistance responses (Jones and Dangl, 2006).

Along with immune receptors, a large number of genes encoding antimicrobial proteins was
up-regulated in green brooms (Figure 6). Many of these genes belong to the Pathogenesis-related
superfamily (PR), which comprises a heterogeneous group of 17 families that are part of the plant-

inducible defense mechanisms against pathogens. Transcripts of genes encoding members of the
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PR-1 (unknown activity), PR-2 (B-1-3-glucanase), PR-3, PR-4, PR-8, PR-11 (chitinase), PR-5
(thaumatin), PR-6 (protease inhibitor) and PR-10 (ribonuclease) families accumulated during WBD.
Other up-regulated defense genes include WRKY transcription factors, polygalacturonase
inhibitors, peroxidases and NADPH oxidases, which are responsible for the production of
superoxide ions (see Supplemental Data Set 6 online). Therefore, cacao defense responses seem

to be active in the green broom stage of WBD.

PR proteins

[ N W |
NADPH oxidases

Receptor-like kinases

Fold change

WRKY Peroxidases

Figure 6. Cacao defense mechanisms are activated during the green broom stage of witches’ broom
disease. Selected classes of genes with known functions in plant defense responses are shown. The
classification was performed according to the MapMan ontology. Each square represents an individual gene
within a category. Up-regulated and down-regulated genes in infected plants are shown in red and blue,
respectively. The scale bar represents fold change values.

Genes associated with secondary metabolism and cell wall modification are up-regulated in green
brooms

Despite the evident impairment in the primary metabolism of green brooms, infected cacao
tissues seem to allocate carbon skeletons and energy to the production of secondary metabolites
(see Supplemental Data Set 7 online). Such metabolites are well-known stress indicators and are

implicated in defense responses against microbes and animals. Several genes related to the
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synthesis of flavonols, anthocyaninins, terpenoids and alkaloids were strongly up-regulated in
green brooms (see Supplemental Data Set 7 online). Moreover, genes involved in lignin synthesis
were also induced, indicating that lignin is deposited in infected tissues, possibly as an attempt to
limit pathogen colonization. Indeed, histological analyses revealed the existence of cell wall
reinforcement in infected tissues (Figure 7), supporting the idea that the plant perceives the
pathogen and activates defense mechanisms during infection. Remarkably, a large number of
genes encoding cell wall-modifying enzymes were up-regulated in green brooms, including
expansins, endoglucanases, xyloglucan endotransglycosylases/hydrolases and glycosyl
transferases. Transcripts of genes associated with the biosynthesis of cellulose and hemicellulose

also accumulated in infected tissues.

Healthy plant - Infected plant

White light

Polarized light

Figure 7. Histological analysis showing plant cell wall reinforcement in green brooms. In addition to the
reduction in starch content, infected plants show reinforcement of cell walls, which is in line with the idea that
the cacao host perceives the pathogen and mounts defense responses during the green broom stage of
witches’ broom disease. Samples were stained with toluidine blue and visualized under white and polarized
lights. Bars = 200 ym.
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Identification of fungal transcripts

As mentioned above, only a small proportion (0.3%) of the transcripts detected in infected
plants were of fungal origin. The sequencing of the five infected plants resulted in a total of 562
million paired reads, of which 1.7 million mapped to M. perniciosa genes (Table 1). Using a
threshold of 1 RPKM (reads per kilobase per million mapped reads) to consider a gene as being
expressed, we detected around 13,000 M. perniciosa genes in our experiment, corresponding to
76% of the predicted fungal gene models. To evaluate the effect of sequencing depth on our ability
to detect M. perniciosa transcripts, we generated different subsets of our RNA-seq data using
randomly selected reads. We verified that only genes with the highest expression values are
detected at low sequencing depths. However, the number of expressed genes starts to stabilize
with approximately 0.5 million mapped paired reads, and few additional genes are detected by
increasing the sequencing depth (see Supplemental Figure 1 online). This result indicates that most
of the M. perniciosa genes that are expressed in green brooms were sampled in our experiment.
Supplemental Data Set 8 online presents the expression levels of each of the 17,008 M. perniciosa

genes.

The green broom transcriptome unravels candidate pathogenicity factors in M. perniciosa

The current version of the M. perniciosa genome encodes 193 candidate secreted effector
proteins (CSEP), which were defined as secreted proteins that lack clearly characterized homologs
in other sequenced organisms (see Supplemental Data Set 9 online). Remarkably, several of the
most highly expressed fungal genes in green brooms encode CSEPs (Table 2), supporting an
important role for these proteins during infection. In total, 35 CSEP-encoding genes with RPKM >
50 were identified in infected plants. In general, these genes encode small cysteine-rich proteins,
with a mean size of 179 aa and a Cys content of 4.3%, both of which are typical of virulence
effectors (Stergiopoulos and de Wit, 2009). Furthermore, inspection of the WBD Transcriptome

Atlas revealed that most of these 35 CSEP genes are preferentially or even exclusively expressed
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during the fungal biotrophic interaction with cacao (see Supplemental Figure 2 online), thus
providing additional evidence that they encode potential effectors. Analysis of the CSEP protein
sequences did not reveal the presence of any reported motif that presumably mediates the
entrance of microbial effectors into plant cells (e.g., RXLR, RSIDELD, CHXC and Y/F/WXC motifs)

(Kale et al., 2010; Godfrey et al., 2010; Zuccaro et al., 2011; Kemen et al., 2011).

Table 2. Most highly expressed M. perniciosa genes during the green broom stage of WBD.

Gene expression values (RPKM)?

GenelD Gene annotation Length (aa) " 12 13 14 15 Mean
MP13831 No hits (CSEP) 185 47106 73411 92642 81894 99895 78990
MP14755 No hits (CSEP) 246 81666 50657 67109 81134 63814 68876
MP14757 No hits (CSEP) 270 22364 19546 25939 27095 36987 26386
MP15869 No hits 243 36079 10330 17487 24296 19698 21578
MP13352 MpPR-1g 252 9121 16141 17621 20775 20990 16930
MP15868 Hypothetical protein 143 17204 5903 10031 12341 12508 11597
MP16558 No hits (CSEP) 269 12680 9664 9827 10544 12103 10964
MP09913 No hits (CSEP) 84 2166 13141 13579 9870 11194 9990
MP14724 No hits 203 8858 7721 11358 8550 11281 9554
MP13834 No hits (CSEP) 183 5449 6958 11154 10006 12669 9247
MP13136 No hits 97 2741 10858 10471 8982 9493 8509
MPQ09729 Alcohol dehydrogenase 347 5849 13822 8228 6722 6577 8240
MP09537  Glycoside hydrolase 18 438 8276 6000 6013 7077 6662 6805
MP15315 MpCP12 155 3881 5014 6892 4963 5948 5339
MP15025  Endoglucanase v-like 157 2618 5578 5479 5764 4372 4762
MP15342 Endo-polygalacturonase 385 3198 1998 5065 5894 5545 4340
MP16511 MpCP11 186 4228 4687 3871 3288 4170 4049
MP04874  Elongation factor ef1-a 460 4877 4243 4033 3799 3172 4025
MP12125 MpPR-1h 245 6069 2605 3137 4132 4178 4024
MP15312 MpCP4 192 3966 3115 4043 4003 4172 3860

@ Reads per kilobase per million mapped reads

In addition to CSEPs, fungal genes that are highly expressed in green brooms include
members of the Cerato-platanin and PR-1 (plant pathogenesis-related 1) families, both of which
appear to play a role in M. perniciosa virulence (Table 2) (Teixeira et al., 2012). Moreover, genes
encoding fasciclin-like proteins are induced in M. perniciosa and possibly mediate the adhesion
between cacao and fungal cells. We also identified genes encoding proteins with CFEM domains,

which are commonly associated with fungal pathogenesis (Kulkarni et al., 2003). Interestingly, chitin
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deacetylase genes were also highly expressed by M. perniciosa during its biotrophic interaction
with cacao. Chitin deacetylases catalyze the modification of chitin to chitosan and may constitute a
protective mechanism of the fungal cell wall against hydrolytic enzymes produced by the plant (El
Gueddari et al., 2002). A selection of M. perniciosa genes potentially involved in pathogenesis is

provided in Supplemental Data Set 10 online.

Genes involved in pectin breakdown are highly expressed during the biotrophic development of M.
perniciosa

The analysis of the green broom transcriptome revealed a strikingly high level of expression
of genes encoding pectinolytic enzymes in M. perniciosa. During its biotrophic stage, the pathogen
seems to produce a complete set of enzymes necessary for the breakdown of pectin, including
pectin methylesterases, polygalacturonases and pectate lyases (see Supplemental Data Set 10
online). Moreover, transcripts of genes involved in the metabolism of sub-products of pectin
degradation were also identified (methanol oxidase, formaldehyde dehydrogenase and formate
dehydrogenase). In addition to pectin, M. perniciosa also seems to be able to degrade cellulose
and hemicellulose during the green broom stage of WBD. Genes encoding putative cellulases,
xylanases, arabinofuranosidases, manosidases and acetylesterases were identified among the
highly expressed fungal genes (see Supplemental Data Set 10 online). Even so, the fungus may
use only a small part of its large arsenal of plant cell wall degrading enzymes. The M. perniciosa
genome encodes at least 301 secreted carbohydrate-active enzymes (CAZymes), which potentially
cleave all major polysaccharides of the plant cell wall. However, only 56 CAZymes showed RPKM
> 50 during M. perniciosa growth in green brooms. Thus, this result may be indicative of limited

plant cell wall degradation during the biotrophic stage of WBD.

M. perniciosa has a great potential for cellular detoxification and stress tolerance

By inspecting the green broom transcriptome, we found that M. perniciosa expresses an
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arsenal of genes encoding enzymes involved in detoxification and stress tolerance. Reactive
oxygen species (ROS), such as superoxide anions (O.*’), hydroxyl radicals (*OH) and hydrogen
peroxide (H.0,), are produced by plants to halt pathogen invasion (Apel and Hirt, 2004). M.
perniciosa genes encoding the anti-oxidative enzymes superoxide dismutase (SOD), catalase and
peroxiredoxin were highly expressed in green brooms (See Supplemental Data Set 10 online),
indicating that the fungus can deal with ROS toxicity during infection.

Additionally, many fungal genes encoding cytochrome P450 enzymes were identified (See
Supplemental Data Set 10 online). These proteins oxidize a vast array of metabolic intermediates
and environmental compounds and are important for adaptation to hostile ecological niches
(Moktali et al., 2012). We also identified genes encoding transporters of the major facilitator
superfamily (MFS) and of the ATP-binding cassette superfamily (ABC), whose members have been
associated with fungal pathogenesis, acting through the extrusion of host defense molecules and
through the secretion of fungal virulence factors (Coleman and Mylonakis, 2009). Overall, our
results indicate that M. perniciosa is subjected to highly stressful conditions during cacao infection

and that a distinctive ability to counteract such conditions might be a central aspect in its virulence.

Evidence on the nutritional strategy of the M. perniciosa biotrophic mycelium

Colonizing the plant apoplast and being devoid of specialized feeding structures (i.e.,
haustoria), the M. perniciosa biotrophic mycelium might have the ability to take up soluble
compounds that are transported through the apoplast. To understand M. perniciosa nutrition during
the green broom stage, we sought to identify genes related to nutrient uptake, especially from
nitrogen and carbon derivatives. Fungal proteinases along with an oligopeptide transporter were
highly expressed during infection (See Supplemental Data Set 10 online), indicating that this fungus
has the apparatus to degrade plant proteins secreted in the apoplast and capture the resulting
peptides. Interestingly, an asparaginase, which catalyzes the release of ammonia from

asparagines, was also highly expressed by M. perniciosa during its biotrophic interaction with
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cacao. Furthermore, a large number of transcripts related to many sugar transporters were
identified in green brooms (See Supplemental Data Set 10 online). It is likely that saccharides
derived from the degradation of complex sugars of the plant cell wall, such as pectin, cellulose and
hemicellulose, and also sugars translocated to green brooms (i.e., sucrose) can be absorbed by M.

perniciosa through those transporters and used as energy sources.

DISCUSSION

Plants and microorganisms constantly confront each other in a battle for growth and
survival, and the outcome of such encounters directly interferes with human agricultural production.
Dynamic and tightly regulated alterations in gene expression occur in both interacting organisms. In
this regard, large-scale gene expression analyses of plant-pathogen interactions are of great
relevance in unveiling the molecular basis of a specific disease (Wise et al., 2007). Recently, the
term “dual RNA-seq” was created to refer to the use of RNA-seq in transcriptomic analyses in
which gene expression changes in both the pathogen and the host are analyzed simultaneously
(Westermann et al., 2012). Whereas some studies have preferentially focused on either the
pathogen or the host at one time (Xu et al.,, 2011; Welling et al., 2012; Kunjeti et al., 2012;
Martinelli et al., 2012; Petre et al., 2012), only a few studies have involved the comprehensive
analysis of both organisms (Tierney et al., 2012; Kawahara et al., 2012). Here, we present an in-
depth transcriptomic analysis of the Moniliophthora perniciosa-cacao interaction, which vastly
expands our current knowledge of witches™ broom disease and also contributes to our general
understanding of plant-pathogen interactions. Based on these results, we present a model that
describes the major molecular and physiological aspects of WBD (Figure 8).

The most prominent symptoms of WBD include intense growth of infected stems, with
hypertrophy and hyperplasia of tissues and loss of apical dominance (Figure 1). These
characteristics have long been ascribed to the occurrence of hormonal imbalances during the

disease (Evans, 1980). However, the precise contribution of each hormone to the development of
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green brooms was hitherto unclear. In this study, we verified that the transcription of genes related
to plant hormone signaling is noticeably altered in response to M. perniciosa infection (Figure 5).
Gene expression data point to the existence of gibberellins in green brooms, which is supported by
the considerable stem elongation of infected plants (Figure 1). Additionally, auxin-responsive genes
were up-regulated, but no genes related to auxin biosynthesis were differentially expressed.
Although the importance of auxin during WBD remains to be confirmed, the production of this
hormone by M. perniciosa had already been described (Kilaru et al., 2007). Therefore, it is possible
that the up-regulation of auxin-responsive genes verified in infected cacao plants may be due to the
production of this hormone by M. perniciosa. Various pathogens are known to produce auxin
(Akiyoshi et al., 1983; Glickmann et al., 1998; Maor et al., 2004; Vandeputte et al., 2005; Reineke
et al., 2008), which has been reported to attenuate the defense responses mediated by salicylic
acid (SA), thus favoring biotrophic development (Navarro et al., 2006; Wang et al., 2007). Unlike
auxins, cytokinins and SA act synergistically in defense responses (Argueso et al., 2012; Naseem
and Dandekar, 2012). Remarkably, genes related to the degradation and inactivation of cytokinins
are up-regulated in green brooms, which is in agreement with an attenuated SA-mediated
response.

The prevalence of genes related to biotic stress is an important finding in our analysis, and
points to the production of antimicrobial proteins, secondary metabolites and the reinforcement of
cell walls by infected plants. Thus, it is likely that a significant part of plant energy is directed to
sustain defense responses, which is a cost-intensive process (Bolton, 2009). In contrast to many
biotrophs (Waspi et al., 2001; Panstruga, 2003; Caldo et al., 2006; Doehlemann et al., 2008), the
M. perniciosa biotrophic mycelium does not strongly suppress host defenses during colonization.
Similarly, Colletotrichum graminicola, another hemibiotrophic pathogen, was recently reported not
to employ the suppression of plant defenses as a virulence strategy (Vargas et al., 2012).
Remarkably, whereas cacao plants perceive and respond to M. perniciosa during its biotrophic

colonization, the fungus also tries to counteract plant defenses through the expression of genes

-88 -



related to the detoxification of host toxins (e.g., efflux pumps and cytochrome P450) and protection
against oxidative stress (e.g., SOD, catalase and peroxiredoxin). Accordingly, Thomazella et al.
(2012) reported the activation of an alternative respiratory pathway mediated by the enzyme
alternative oxidase as a protective mechanism of M. perniciosa against the oxidative stress
generated during the biotrophic stage of WBD.

Given that the establishment of a compatible interaction between M. perniciosa and cacao
does occur, we can assume that defense responses were ineffective in preventing the
establishment of the M. perniciosa biotrophic mycelium. According to the definition proposed by
Jones and Dangl (2006), the defense response verified in green brooms can be classified as a
basal defense response, i.e., one that is activated by virulent pathogens on susceptible hosts. This
weaker form of defense is usually a consequence of the activity of effector proteins deployed by the
pathogen with the aim of neutralizing the host immune system, and thus favoring pathogenesis.
Although no effector protein has been characterized in M. perniciosa so far, our RNA-seq analysis
identified some candidate effectors that are highly and exclusively expressed in green brooms (see
Supplemental Figure 2 online), and these effectors represent interesting targets for future studies.
Our transcriptomic data (Figure 5, see Supplemental Data Set 5 online) also showed that ET
synthesis and responses are induced in green brooms. In agreement, increased concentrations of
this hormone have already been detected in infected cacao plants (Scarpari et al., 2005). As ET
defense responses are usually effective against necrotrophs (Glazebrook, 2005), it is possible that
the successful establishment of WBD is favored by the development of inappropriate plant
defenses against M. perniciosa.

Apart from the energetic cost of an ineffective defense mechanism, cacao plants expend
energy to sustain the exaggerated growth of infected tissues during the prolonged biotrophic phase
of WBD. In this regard, we verified that remarkable transcriptional alterations related to plant

carbohydrate metabolism take place in the infected cacao plants. Genes encoding a cell wall
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invertase — which breaks sucrose into fructose and glucose — and hexose transporters are up-
regulated. In addition, a clear reduction in the transcription of genes relating to photosynthesis was
verified upon infection (Figure 4). These characteristics are typical of developing sink tissues, which
reallocate nutrients from other plant organs to sustain their growth and development (Berger et al.,
2007). Since M. perniciosa can only infect meristematic tissues, which are generally sinks, it is
likely that the fungus reprograms the regular development of cacao meristems to prevent the
transition from sink to source tissues. Other pathogens also induce the formation of local sinks to
increase nutrient availability in the infected parts (Chou et al., 2000; Fotopoulos et al., 2003; Bonfig
et al., 2006; Deeken et al., 2006; Horst et al., 2008; Chandran et al., 2010). In agreement with this
notion, distinctive characteristics of these interactions include reduced photosynthesis and the
simultaneous up-regulation of plant genes encoding invertases and hexose transporters. Although
WBD severely impacts the development of the infected parts and significantly reduces the number
of fruits per tree, the disease is not lethal to the whole cacao tree. It is possible that the decrease in
tree productivity is, at least in part, a consequence of nutrient allocation to the infected parts.

In comparison to healthy tissues, green brooms have decreased starch contents (Figure 1),
and, accordingly, amylase-coding genes are over-expressed, thus indicating that this storage
carbohydrate may be used as an energy source. Moreover, the higher number of transcripts related
to lipases, B-oxidation and glyoxylate cycle enzymes indicates that lipids are also metabolized as a
source of energy by the infected tissue. A sub-product of lipid catabolism is glycerol, which has
been previously identified in higher concentrations in infected cacao plants (Scarpari et al., 2005).
The glyoxylate cycle is associated with two major developmental processes in plants, i.e., seed
germination and senescence. During germination, lipid reserves are used to fuel the growth and
development of the growing embryo (Graham, 2008). In addition, glyoxysomal activity is involved in
the nutrient recycling of senescent tissues (Buchanan-Wollaston, 1997). Therefore, the expression
of genes encoding enzymes of the glyoxylate cycle in green brooms is in line with the significant

metabolic reprogramming that takes place during WBD.
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Along with carbohydrates and lipids, the carbon skeleton of amino acids seems to be used
to sustain green broom development and metabolism. However, the use of amino acids increases
ammonium levels in cells, which can be toxic to the plant. To handle ammonium toxicity, green
brooms seem to employ two different strategies: (i) the expression of a gene encoding a TIP
(Tonoplast Intrinsic Protein — TIP2;1) transporter, which mediates ammonia storage in vacuoles
(Loqué et al.,, 2005); and (ii) the expression of an asparagine synthetase (ASN), which is
homologous to the Asn1 from A. thaliana and mediates the incorporation of nitrogen into aspartate
to produce asparagine (Lam et al., 1994). This amino acid is an optimal nitrogen transport and
reserve molecule due to its high nitrogen/carbon ratio and stability. Therefore, its production is
typically associated with situations of low carbon availability (Lam et al., 1994). Supporting our
findings, increased amounts of asparagine were previously reported in green brooms (Scarpari et
al.,, 2005). Interestingly, Asn1 is also called Din6 (Dark Inducible gene 6), and its expression is
induced in senescing tissues and after treatment with exogenous photosynthesis inhibitors (Fujiki et
al., 2001).

Altogether, these results indicate that infected tissues appear to have a paucity of carbon
skeletons, and thus use alternative sources (i.e., starch, lipids and amino acids) to obtain energy.
However, considering that green brooms appear to develop as nutrient sinks, the carbon
deprivation signature in infected tissues is unexpected. In fact, with the progression of WBD, a
callus-like structure is formed on the basal region of the infected growing shoot (see Supplemental
Figure 3 online). This structure was shown to disrupt the communication between healthy and
infected parts, intercepting the translocation of nutrients to the diseased shoot (Barau et al.,
manuscript in preparation). Consequently, infected tissues are isolated from the plant, being forced
to use their own stores and structures to obtain energy. As a result, carbon deprivation might occur,
culminating in the onset of a senescence process triggered by nutrient starvation. Therefore,

senescence, which is a developmentally regulated and highly controlled process that leads to the
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death of the plant tissue, appears to be responsible for the initial death of infected parts during
WBD development.

Indeed, a typical characteristic of WBD is the death of infected tissues beginning on the
edges of leaves (Figure 8), which is similar to the pattern of foliar senescence (Gan and Amasino,
1997). Also, Ceita et al. (2007) showed that programmed cell death precedes the necrotrophic
stage in WBD. Therefore, it is quite possible that the onset of necrosis in WBD is a physiological
process of cacao caused by the metabolic disarrangement of WBD rather than a direct action of the
pathogen. Consistent with this idea, M. perniciosa NEP genes (Necrosis and Ethylene-inducing
Protein), which are involved in the necrosis of cacao tissues, are not expressed when the first signs
of death are observed in infected plants (Zaparoli et al., 2011). However, as necrosis progresses,
the fungus expresses this gene, thus actively participating in the death of the plant. A pioneer report
by Evans (1980) suggested two possible causes for the death of infected tissues: (i) accelerated
host senescence or (ii) the action of fungal toxins. In this regard, our results provide evidence that
both processes might occur consecutively in the disease.

In this scenario, the biotrophic mycelium of M. perniciosa appears to take advantage of the
soluble nutrients that are being produced by the infected tissues. In contrast to many
biotrophic/hemibiotrophic pathogens, the biotrophic mycelium of M. perniciosa does not employ any
feeding structure (e.g., haustoria or invasive hyphae), and it exclusively inhabits the intercellular
space of cacao meristematic tissues (Calle et al., 1982). Thus, the fungus might depend on soluble
nutrients derived from the apoplast. In agreement, fungal genes encoding oligopeptide and
monosaccharide transporters, proteases and an asparaginase are up-regulated. In addition, the
middle lamellae, wherein M. perniciosa develops, is very rich in pectin (Albersheim et al., 1960).
Remarkably, genes associated with pectinolytic metabolism are highly expressed in green brooms
(see Supplemental Data Set 10 online). Also, a byproduct of pectin degradation is methanol, and a

recent report showed that M. perniciosa is able to utilize methanol as a sole carbon source (de
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Oliveira et al., 2012). In this regard, our results suggest that this compound is a possible carbon
source for the fungus during its biotrophic development.

In conclusion, we identified several physiological alterations occurring in cacao plants in
response to M. perniciosa infection and also pointed to potential virulence strategies employed by
the fungus during the green broom stage of WBD. In particular, this work represents an important
step towards understanding the factors responsible for triggering the death of the infected tissues in
WBD, which have been considered to be uncertain to date. Our data sets and the disease model
presented here provide a firm basis for further studies on the physiological and molecular
processes identified in this interaction. For instance, it will be important to evaluate precisely how
senescence signals the end of the biotrophic stage of WBD. Overall, the peculiarities identified in
this biotrophic interaction make WBD a very interesting and innovative model in the field of plant

pathology.
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METHODS

Biological material

Theobroma cacao cv. “Comum” (Forastero genotype) and the Moniliophthora perniciosa
isolate BP10 were used in this study. Cacao seedlings were grown for approximately three months
in a greenhouse under controlled conditions of temperature (26°C) and humidity (>80%), and a
photoperiod of 12 h. Active apical meristems were inoculated with 30 puL of a basidiospore
suspension (10° spores mL™"), following the procedures described by Frias et al. (1995). After 30
days, infected tissues representing the mature green broom stage were excised and used for RNA
isolation. As controls, the corresponding tissues of mock inoculated seedlings were collected at the

same timepoint. Five biological replicates were used for each condition.

RNA isolation and RNA-seq library preparation

RNA isolation was performed as described by Azevedo et al. (2003) with minor
modifications. For each sample, 5 ug total RNA was used to prepare the mRNA-seq library
according to the TrueSeq RNA Sample Prep Kit protocol (lllumina). Library quality control and
quantification were performed with an Experion DNA 1K Chip (Bio-Rad) and a Qubit fluorometer
(Invitrogen), respectively. For each library, approximately 75 million 48 bp paired end sequences

were generated using an lllumina HiSeq 2000 sequencer.

Read mapping and gene expression analysis

After removing low quality sequences containing uncalled bases (Ns), we used the software
Bowtie (Langmead et al., 2009) to align the RNA-seq reads against 34,997 and 17,008 gene
models of T. cacao and M. perniciosa, respectively. Cacao gene models were downloaded from the
Cacao Genome Database (version 0.9 - www.cacaogenomedb.org) and M. perniciosa gene models
were obtained from the Witches’ Broom Genome Project (www.lge.ibi.unicamp.br/vassoura).

Bowtie alignment parameters were set to allow a maximum of two mismatches and to exclude
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reads mapping in more than one position on the reference. Moreover, only reads for which both
pairs were successfully aligned were considered. Gene expression values for M. perniciosa were
defined according to the RPKM method (reads per kilobase per million mapped reads; Mortazavi et
al., 2008). Differential expression analyses were performed for cacao genes with the edgeR
package (Robinson et al., 2010) using the Benjamini-Hochberg method for correction of multiple
comparisons. Genes with a false discovery rate (FDR) of below 0.01 were considered differentially
expressed between conditions. To assess the variabilty among samples, we carried out
hierarchical clustering and principal component analysis (PCA) using cacao genes. Hierarchical
clustering was performed based on Euclidean distances. PCA was conducted using the prcomp

command with default parameters in the R software.

Functional classification based on the MapMan ontology and InterPro terms

The MapMan software (Thimm et al., 2004) was used to visualize cacao gene expression
data in the context of metabolic pathways. MapMan uses a plant-specific ontology that classifies
genes into well-defined hierarchical categories, denominated BINs. Cacao genes were assigned to
BINs using the Mercator automated annotation pipeline (http://mapman.gabipd.org/web/guest/mercator).
Differentially represented MapMan pathways were defined by a two-tailed Wilcoxon rank sum test
corrected by the Benjamin-Hochberg method (FDR<0.05). Additionally, enriched InterPro terms
were identified using the BiINGO plugin for Cytoscape (Maere et al., 2005). To this purpose, a
customized annotation file was created according to the software instructions to allow the use of
InterPro terms in enrichment analyses. A hypergeometric test combined with a Benjamin and

Hochberg FDR correction with a cutoff of 0.05 was applied.

Hormonometer analysis

Hormonometer software (Volodarsky et al., 2009) was used to evaluate transcriptional

similarities between green brooms and hormone responses. Since this software only accepts
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Arabidopsis gene IDs as input, we defined the putative Arabidopsis orthologs of cacao genes by bi-
directional Blast analyses. The 8870 resulting genes that were expressed in our experiment were
then used to investigate the hormonal profile of green brooms. To validate the analysis using this
set of genes, we used public gene expression data of Arabidopsis mutants with known hormonal
alterations: arr21 (increased cytokinin response; GEO: GSE5699), eto? (increased ethylene
response; GEO: GSE20897), nahG (reduced salycilic acid levels; GEO: GSE5727) and nph

arf19/1AA (reduced auxin signaling; GEO: GSE627).

Comparing RNA-seq and qPCR results

gPCR assays were performed to contrast RNA-seq results with an independent technique.
To this end, the expression of 28 cacao genes was analyzed in plants that were also sequenced by
RNA-seq (Infected plant #2 and Healthy plant #1 — Table 1). All gPCRs were conducted on a
StepOne Plus Real Time PCR System (Applied Biosystems) using SYBR Green | for the detection
of PCR products. Each reaction was performed in a final volume of 16 pl, containing 8 yl SYBR
Green PCR Master Mix (Applied Biosystems), 250 nM each primer and 50 ng cDNA template. No-
template reactions were included as negative controls for each set of primers used. The thermal
cycling conditions were 94°C for 10 min, followed by 40 cycles of 94°C for 15 s, 55°C for 30 s and
60°C for 1 min, with fluorescence detection at the end of each cycle. The amplification of a single
product per reaction was confirmed by melting curve analysis. All reactions were carried out in
technical ftriplicates. Relative fold differences in mMRNA abundance were defined by the
mathematical model described by Livak and Schmittgen (2001). Data were normalized using four
reference genes that showed little variation in the RNA-seq analysis (a-tubulin, actin, 60S
ribosomal L35 and 60S ribosomal L11). Primers used in the experiment are listed in Supplemental

Table 1 online.
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Determination of photosynthetic rates

Photosynthetic rates were determined using the LI-6400 portable gas exchange system (LI-
COR). Measurements in infected and healthy cacao plants were performed in biological triplicates
on the most recent fully expanded stem leaf. The CO, assimilation rate was measured at 25°C
under light intensity ranging from 0 to 900 umol photons m™2 s™'. The CO, concentration of the air
entering the chamber was maintained at 350 pmol mol™". Plants analyzed in this experiment were

similar to those used for transcriptome sequencing.

Histological analyses

Green brooms and the corresponding tissues of healthy plants were fixed in Karnovisky
solution (50 mL 1% glutaraldehyde; 20 mL 4% paraformaldehyde; 30 mL 0.2 M phosphate buffer
pH 7.2; Karnovsky, 1965). Samples were left in the fixative solution for 48 h, washed and stored in
70% ethanol. After dehydration using a graded ethanol series (30, 50, 70, 90 and 100%), tissues
were embedded in plastic resin (Historesin® Leica; Gerrits and Smid, 1983) and transverse
sections (12 - 16 um thick) were cut with a steel knife. Sections were then incubated in a toluidine
blue solution (0.01%, dissolved in citrate buffer; O' Brien et al., 1964). Samples were observed
under white and polarized lights using an Olympus BX51 microscope coupled to an Olympus DP72

camera. All analyses were repeated at least three times with consistent results.
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Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Number of M. perniciosa genes detected at different sequencing depths.
Supplemental Figure 2. Expression profiles of M. perniciosa CSEP genes.

Supplemental Figure 3. Callus-like structure formed on the basal region of infected shoots.
Supplemental Table 1. Primer sequences used for gPCR analyses.

Supplemental Data Set 1. Expression analysis of cacao genes based on the edgeR software.
Supplemental Data Set 2. MapMan BINs enriched in green brooms.

Supplemental Data Set 3. InterPro terms enriched in green brooms.

Supplemental Data Set 4. Differentially expressed cacao genes related to photosynthetic, carbon
and nitrogen metabolism.

Supplemental Data Set 5. Differentially expressed cacao genes related to hormonal metabolism.
Supplemental Data Set 6. Differentially expressed cacao genes related to defense responses.
Supplemental Data Set 7. Differentially expressed cacao genes related to secondary metabolism
and cell wall modification.

Supplemental Data Set 8. Expression values defined for M. perniciosa genes during cacao
infection.

Supplemental Data Set 9. List of M. perniciosa CSEP-encoding genes.

Supplemental Data Set 10. Selected M. perniciosa genes thought to be involved in cacao

infection.
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Supplemental Figure 2.
Expression profiles of
Moniliophthora perniciosa CSEP
genes. The expression patterns of
35 CSEPs were assessed in
different RNA-seq libraries that
are part of the “Witches’ Broom
Disease Transcriptome Atlas”.

— Although most of these genes are

preferentially expressed in the
biotrophic stage of witches’ broom
disease, some of them are also
highly expressed during spore
germination, which represents a
committed step towards plant
colonization. (A) Heatmap
showing the relative transcript
abundance in different conditions.
(B) Graphical representation of
the gene expression values.



Supplemental Figure 3. Callus-like structure formed on the basal region of infected shoots. (A) These
structures (arrow) are formed during witches’ broom disease progression and block the communication
between healthy and infected parts of the plant. Note that the pattern of necrosis in infected shoots is similar
to that of regular senescence. (B) and (C) Details of the callus-like structures.
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APRESENTAGAO

Este capitulo apresenta a caracterizagcdo de uma quitinase do fungo Moniliophthora
perniciosa com possivel papel na neutralizagdo das defesas do cacaueiro. O gene codificante
desta proteina, denominado MpChi, foi identificado durante a inspecao de bibliotecas de RNA-seq
de vassouras verdes e destacou-se por estar entre os genes mais expressos pelo fungo no estagio
infectivo da doenca. Em fungos, quitinases possuem funcao principalmente no desenvolvimento
(remodelamento da parede celular) e nutricdo (parasitismo de insetos ou outros fungos). No
entanto, uma participacdo direta na infeccdo de plantas nunca foi reportada. Neste sentido, a
elevada expressdo deste gene durante a colonizagdo do cacaueiro por M. perniciosa foi um
achado bastante inesperado, que nos levou a inspecionar o sitio ativo da enzima codificada por
este gene. Curiosamente, verificou-se que esta proteina possui uma substituicdo de um importante
aminoacido do seu sitio catalitico (glutamato 167 substituido por uma glutamina). Esta mutacao ja
foi artificialmente realizada em quitinases de varios outros organismos, sempre resultando na
completa extingdo da atividade quitinolitica da enzima. Diante de seu padrdao de expressao e
possivel auséncia de atividade quitinolitica, formulou-se a hip6tese de que a proteina MpChi seria
um mecanismo de protegdo de M. perniciosa contra quitinases produzidas pela planta. Esta
protecao poderia ser alcancada pela ligagdo da proteina a parede celular do fungo, bloqueando o
acesso das enzimas hidroliticas da planta. Este trabalho esta sendo realizado em conjunto com o
aluno de iniciacao cientifica Gabriel Lorencini Fiorin (processo FAPESP 2011/23315-1) e encontra-

se em sua etapa final.
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INTRODUGAO

Plantas estdo continuamente expostas a uma ampla variedade de microrganismos e
desenvolveram diversos mecanismos de defesa para combater potenciais patégenos (Jones &
Dangl, 2006). A primeira linha de defesa ativa do sistema imune de plantas baseia-se no
reconhecimento de moléculas elicitoras por receptores de membrana denominados PRRs (pattern
recognition receptors). Estas moléculas, conhecidas como MAMPs (microbe-associated molecular
patterns), costumam ser evolutivamente estaveis e indispensaveis para 0os microrganismos,
constituindo alvos ideais para o reconhecimento pela planta (Boller & Felix, 2009). Conhecidos
exemplos de MAMPs incluem flagelina e lipopolissacarideos de bactérias e quitina de fungos. A
ativacdo dos PRRs induz a produgdo de espécies reativas de oxigénio, fluxos de ions, intensa
reprogramacgao transcricional e sintese de novas proteinas que limitam o desenvolvimento do
microrganismo invasor (Jones & Dangl, 2006). No entanto, microrganismos patogénicos
desenvolveram interessantes mecanismos para impedir a ativagdo ou mitigar as defesas de seus
hospedeiros (Jones & Dangl, 2006; Stergiopoulos & De Wit, 2009).

A secrecao de proteinas efetoras por patégenos é uma estratégia fundamental para o
estabelecimento da infecgdo (Dou & Zhou, 2012). Além de manipular a fisiologia dos hospedeiros,
efetores podem interferir no sistema imune das plantas interagindo diretamente com uma proteina
de defesa ou inibindo vias de sinalizagao especificas (Stergiopoulos & De Wit, 2009; Dou & Zhou,
2012). Ainda, efetores podem evitar o reconhecimento do patégeno pelo hospedeiro. Por exemplo,
as proteinas Ecp6 de Cladosporium fulvum e Slp1 de Magnaporthe oryzae sequestram oligbmeros
de quitina originarios da parede celular do fungo, impedindo a imunidade ativada por MAMPs (de
Jonge et al., 2010; Mentlak et al., 2012). Estas proteinas contém dominios LysM (Lysin Motif —
InterPro ID IPR018392), os quais sdo reconhecidos moédulos de ligacdo a carboidratos. Outra
interessante estratégia mediada por efetores é a protecdo da parede celular de fungos contra o
ataque de enzimas hidroliticas da planta. Esta estratégia foi inicialmente identificada no patégeno

do tomateiro Cladosporium fulvum, o qual produz uma pequena proteina, denominada AVR4,
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capaz de ligar-se a parede celular do fungo, impedindo o acesso de quitinases da planta (van den
Burg et al., 2006). Recentemente, uma fungéo analoga também foi descrita para dois efetores
contendo dominios LysM no fungo Mycosphaerella graminicola (Marshall et al., 2011; Mentlak et
al., 2012).

O basidiomiceto Moniliophthora perniciosa é o agente causador da vassoura de bruxa do
cacaueiro (Theobroma cacao), uma das mais severas doencas que atingem esta cultura (Evans,
2007). Este fungo apresenta um ciclo de vida hemibiotréfico, com duas fases de desenvolvimento
distintas: a primeira fase, biotréfica e a segunda, necrotréfica (Evans, 1980). A fase biotréfica da
doenca causa drasticas alteragdes morfologicas nos tecidos infectados do cacaueiro, dando
origem a ramos anormais denominados “vassouras verdes”’. Entre 8 e 12 semanas apds a
infeccdo, o fungo assume sua fase necrotréfica e passa a se alimentar dos tecidos mortos da
planta, agora denominados “vassouras secas”. Esta doenga configura-se como um dos principais
fatores limitantes da produgado de cacau nas Américas, resultando em perdas de até 90% da
producao (Purdy & Schmidt, 1996; Meinhardt et al., 2008).

Durante os ultimos anos, muitos esforgos foram direcionados para o desenvolvimento de
solucbes para este problema. Em 2000, o Projeto Genoma Vassoura de Bruxa foi langado e,
desde entdo, tem apoiado varios estudos envolvendo tanto o patégeno quanto a planta.
Adicionalmente, uma abrangente analise de expressao génica foi recentemente iniciada a partir da
construgao do Atlas Transcriptomico da Vassoura de Bruxa, uma colecdo de bibliotecas de RNA-
seq que representam variadas condi¢gdes de crescimento do fungo in vitro bem como estagios
especificos da doenca. A analise destes dados tem fornecido importantes informacdes sobre a
base molecular desta complexa interagao planta-patégeno. Em especial, a analise transcriptdmica
de vassouras verdes permitiu a identificagdo de possiveis fatores de patogenicidade no fungo M.
perniciosa, os quais tém sido alvos de analises especificas. Neste contexto, um gene codificante

de uma quitinase foi identificado entre os genes mais expressos pelo fungo M. perniciosa durante
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sua interagao biotréfica com o cacaueiro, 0 que sugeriu um inesperado papel para a proteina
codificada na patogenicidade deste fungo.

Quitinases sé&o enzimas que catalisam a hidrélise de ligagdes -1,4 entre os monémeros de
N-acetilglicosamina da quitina, principal constituinte da parede celular de fungos e do exoesqueleto
de artropodes. Segundo proposto pelo CAZy (Carbohydrate Active Enzymes Database;
http://www.cazy.org), quitinases sao classificadas em duas familias distintas de glicosil hidrolases
(GH), denominadas GH18 e GH19. Estas duas familias ndo possuem origem evolutiva em comum,
apresentando diferentes sequéncias de aminoacidos, estrutura tridimensional e mecanismos
cataliticos (Fukamizo, 2000). Os papéis biolégicos desempenhados pelas quitinases variam
consideravelmente entre os organismos. Em bactérias, as quitinases estdo principalmente
associadas com nutricdo (Bhattacharya et al., 2007). Em insetos, quitinases estdo associadas ao
desenvolvimento pdés-embrionario e a degradagao de exoesqueleto velho (Merzendorfer & Zimoch,
2003). Em plantas e mamiferos, quitinases constituem um dos mecanismos de defesa contra
patégenos (Sahai & Manocha, 1993). J& em fungos, quitinases participam na morfogénese da
parede celular, degradagcdo de quitina exdgena para obtencado de nutrientes (por exemplo, em
fungos entomopatogénicos ou micoparasitas), e defesa contra outros fungos e artropodes (Hartl et
al., 2012). No entanto, uma participacao direta de quitinases na viruléncia de fungos
fitopatogénicos nunca foi descrita.

Neste trabalho, apresentamos a caracterizagdo de uma quitinase de M. perniciosa com
possivel papel efetor na patogenicidade deste fungo sobre o cacaueiro. Esta proteina, denominada
MpChi, apresenta uma alteragao em seu sitio catalitico que elimina sua atividade quitinolitica sem,
no entanto, afetar sua capacidade de ligacdo a quitina. Considerando-se que a proteina MpChi
parece ser preferencialmente produzida durante o estagio biotréfico da vassoura de bruxa, um
possivel papel na protecdo do fungo M. perniciosa contra o ataque de enzimas hidroliticas

produzidas pela planta é apresentado e discutido neste capitulo.
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MATERIAIS E METODOS
Material biolégico

Os experimentos foram realizados com o isolado CP02 de M. perniciosa e com a variedade
“Comum” de Theobroma cacao, a qual é suscetivel a vassoura de bruxa. A cepa Origami Il

(Novagen) de Escherichia coli foi utilizada para a expressao heterdloga da proteina MpChi.

Caracterizagao in silico do gene MpChi e da proteina codificada

O Atlas Transcriptdmico da Vassoura de Bruxa foi inspecionado para verificarmos a
expressao do gene MpChi em 35 diferentes bibliotecas de RNA-seq, as quais representam as mais
variadas condi¢des de crescimento e desenvolvimento de M. perniciosa, tanto in vitro quanto in
planta. A sequéncia codante predita do gene MpChi foi confirmada através do sequenciamento de
cDNA. A predicao de dominios na proteina codificada e a verificagdo do peptideo sinal para
secrecao foram realizadas utilizando-se o servidor InterProScan (Zdobnov & Apweiler, 2001) e o
programa SignalP 4.0 (Petersen et al., 2011), respectivamente. Sequéncias de quitinases de
outros organismos foram utilizadas na construgdo de um alinhamento de proteinas com o

programa ClustalW (Thompson et al., 2002).

Expressao heteréloga em E. coli

O gene MpChi foi amplificado a partir do cDNA de vassoura verde utilizando-se os primers
5" GAATTCGGATGCAAACCGAAAAATTAC 3" e 5° AAGCTTCTACTTGGACAATCCGGCAC 3. O
fragmento resultante foi clonado no vetor pGEM-T Easy (Promega) e, posteriormente, sequenciado
para a verificagdo de erros na sequéncia. Em seguida, o gene foi digerido com as enzimas de
restricdo EcoRIl e Hindlll e ligado no vetor pET-SUMO (Invitrogen), previamente digerido com as
mesmas enzimas. Esta constru¢do também foi sequenciada para confirmacdo da clonagem.
Subsequentemente, a cepa Origami Il de E. coli foi transformada com esta construgdo para

expressdo da proteina MpChi. A expressdo da proteina foi realizada a temperatura de 18°C
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durante 16 horas, utilizando-se 0.05 mM de IPTG. As células foram entao precipitadas, lisadas por
sonicagao e a proteina recombinante foi purificada por cromatografia de afinidade utilizando-se a
coluna HiTrap Chelating HP (GE Healthcare), a qual possui afinidade pela cauda de histidina
adicionada na porgao N-terminal da proteina recombinante. A cauda de histidina e a proteina
SUMO fusionadas foram removidas através de digestdo com a protease ULP-1 (Ubiquitin-like-
specific protease, Invitrogen). A proteina MpChi purificada foi obtida através de uma segunda
cromatografia de afinidade com a mesma coluna. A concentragao final de proteina foi determinada

através do método de Bradford usando BSA como padrao.

Medicao de atividade quitinolitica

Os ensaios para verificacdo de atividade quitinolitica foram realizados com 10 ng da
proteina MpChi recombinante, utilizando-se o kit Chitinase Assay Kit Fluorimetric (Sigma), segundo
instrucbes do fabricante. O fluorimetro EnSpire Multimode Reader (PerkinElmer) foi usado para
deteccédo de fluorescéncia. Trés substratos diferentes foram empregados: 4-Methylumbelliferyl
N,N"-diacetyl-3-D-chitobioside, 4-Methylumbelliferyl N-acetyl-B-D-glucosaminide e 4-
Methylumbelliferyl B-D-N,N’,N" -triacetyichitotriose. Estes substratos permitem a detecgdo de
diferentes tipos de atividades quitinoliticas (quitobiosidases, N-acetilglicosaminidases e
endoquitinases, respectivamente). Quitinases de Trichoderma (Sigma) foram utilizadas como

controle positivo neste ensaio.

Teste de ligagao a polissacarideos

Os ensaios de ligagdo a polissacarideos foram realizados conforme descrito em trabalhos
anteriores (van den Burg et al., 2006; de Jonge et al., 2010). Basicamente, 40 ug de MpChi foram
independentemente incubados com 10 mg de chitin beads (NEB), quitina de casca de camarao
(Sigma), quitosano (Sigma), xilano (Sigma) ou celulose (Sigma) em um volume de 800 pL de agua.

Apés duas horas em agitacdo a temperatura ambiente, a fragdo insoluvel foi precipitada por
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centrifugacao (5 min, 13.000g) e o sobrenadante foi coletado. A fragcdo insoluvel foi lavada trés
vezes com agua e subsequentemente fervida em 200 pL de SDS 1%. A presenga da proteina no

sobrenadante e no pellet foi examinada por SDS-PAGE, utilizando-se o corante Coomassie Blue.
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RESULTADOS

O gene MpChi é altamente expresso durante o estagio biotréfico da vassoura de bruxa

A inspecao de bibliotecas de RNA-seq construidas a partir de plantas infectadas no estagio
de vassoura verde revelou que o gene MpChi se encontra entre 0s genes mais expressos pelo
fungo durante sua interagéo biotroéfica com o cacaueiro (Tabela 1). Notavelmente, outros genes
altamente expressos constituem candidatos a efetores (CSEP — candidate secreted effector
protein), os quais sdo fundamentais para a viruléncia de microrganismos fitopatogénicos (ver

Capitulo I1).

Tabela 1. Genes mais expressos por M. perniciosa durante o estagio de vassoura verde da doenca
vassoura de bruxa. Os valores de expressédo génica foram obtidos por RNA-seq e sdo dados em RPKM
(reads per kilobase of exon model per million mapped reads).

RPKM - réplicas bioldgicas
GenelD Descrigao | ] 1] v \'/ Média
1 MP13831 No hits (CSEP) 46929 | 73269 | 92347 | 81569 | 99726 | 78768
2 MP14755 No hits (CSEP) 81359 | 50559 | 66895 | 80813 | 63706 | 68666
3 MP14757 No hits (CSEP) 22280 | 19508 | 25857 | 26988 | 36924 | 26311
4 MP15869 No hits 35943 | 10310 | 17432 | 24200 | 19664 | 21510
5 MP13352 MpPR-1g 9087 16110 | 17565 | 20693 | 20955 | 16882
6 MP15868 Hypothetical protein 17139 | 5891 9999 12292 | 12487 | 11562
7 MP16558 No hits (CSEP) 12633 | 9645 9796 10502 | 12082 | 10932
8 MP09913 No hits (CSEP) 2158 13116 | 13536 | 9831 11175 9963
9 MP14724 No hits 8825 7706 11322 | 8516 11262 9526
10 | MP13834 No hits (CSEP) 5428 6944 11119 | 9966 12647 9221
11 | MP13136 No hits 2731 10837 | 10438 | 8946 9477 8486
12 | MP09729 | alcohol dehydrogenase domain protein 5827 13795 8202 6696 6565 8217
13 | MP09537 MpChi 8245 5988 5994 7049 6650 6785
14 | MP15315 MpCP12 3866 5004 6870 4943 5938 5324
15 | MP15025 endoglucanase v-like protein 2608 5567 5461 5741 4365 4749

A expressao do gene MpChi foi entao inspecionada em 35 bibliotecas diferentes de RNA-
seq do fungo através do Atlas Transcriptdbmico da Vassoura de Bruxa (Figura 1). Nenhuma
expressao significativa foi verificada em condi¢gdes de desenvolvimento in vitro do patégeno, em
estruturas reprodutivas (basidiomata) ou em basididsporos. Além disso, a expressado do gene
também se mostrou baixa no estagio de vassoura seca da doenga, indicando que o gene MpChi

desempenhe seu papel especificamente durante o estagio biotréfico da vassoura de bruxa.
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Figura 1. Perfil de expressdo do gene MpChi em diferentes estagio de desenvolvimento e condi¢gdes de crescimento do fungo M. perniciosa.
Verifica-se que este gene é altamente expresso apenas durante a interagao com o hospedeiro vivo. Os dados foram obtidos através de inspecao
de bibliotecas de RNA-seq que fazem parte do Atlas Transcriptdmico da Vassoura de Bruxa. Os valores de expressdo génica sdo apresentados
em RPKM (reads per kilobase of exon model per million mapped reads).
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A proteina MpChi possui uma mutagao em seu sitio ativo

O sitio ativo de quitinases da familia GH18 é constituido pela sequéncia consenso
DXXDXDXE, sendo o glutamato (E) o aminoacido responsavel pela doagao de elétrons durante a
hidrdlise do substrato (Huang et al., 2012). O gene MpChi possui uma alteragdo natural em sua
sequéncia que resulta na substituicdo do glutamato (E) por uma glutamina (Q) no sitio ativo da
proteina codificada (Figura 2). Curiosamente, esta mutagcado é conhecida por extinguir a atividade
quitinolitica em diferentes quitinases (Watanabe et al., 1993; Papanikolau et al., 2001; van Aalten
et al., 2001; Lu et al., 2002; Bortone et al., 2002; Synstad et al., 2004; Ohnuma et al., 2011). Por
outro lado, o sitio de ligagdo a quitina é formado pela sequéncia SXXGG, a qual se encontra
conservada na proteina MpChi (Figura 2), sugerindo que esta proteina retenha sua capacidade de

ligacdo a quitina.

A
B
215 225 235 245 255 265 275

M.perniciosa Mp-Chi VTLSVGGWTG SL-—-—---- H LSYAVANAQN RTTEFVK--TL VDFVVKHKLD GLDVDW.SPN KLGLPCN---
U.maydis Chitl LMLSVGGWTFE GP--—---- H FAPMAADAKK RAKFVS--TA ITILENDGLD GIDIDWEYPS DSTQAAN---
S.cerevisiae Chi2 VIMSIGGWSD SE--=----- N FKIIIKDDKL LONFVD--SS VETMFRLGFD GIDLDWEEFPG NNESEPRG--
T.harzianum Chit3 ILLSIGGATA GID-——-—-—— —-—— LSSSAV ADKFIA--TI VPILKQYNFD GIBIDIETGL TNSGNIN---
B.circulans ChiAl TIISVGGWTW SN--—----- R FSDVAATAAT REVFAN--SA VDFLRKYNFD GVDLDWEYPV SGGLDGNSKR
S.marcescens ChiB IMFSIGGWYY SNDLGVSHAN YVNAVKTPAA RTKFAQ--SC VRIMKDYGFD GVDIDWEYPQ AAEVDG----
N.tabacum ChiB IMLSIGGGTP TYTLS---SV DDARQVADYL WNNFLGGQSS FRPLGDAVLDP GIPFDIELG- —----—-—----
Z.mays Chit2 VAVSIGGATV NDR----- PV FENITSVDSW VONAVS--SL TTIIQKYNLD GIDIDYEQFQ ADPATFA---
P.falciparum Chit MLLSLGGETY HP-------- -SSFDSALNA VEKIAN---- --— LVDELGFD GIDVDYEPNG SEFDGLNDK--
C.elegans Cht-1 TLLSFGGWSF GT--—----— AL FQGMAASSAS RKVFID--SA ITFVRTWGFD GIDIPDWEYPS GATDMAN---
Sequéncia consenso -==SXGG-—= ——-------- S oo ————— oo D xxDxDxE--- —-—-—----—---

Figura 2. Analise do sitio ativo da quitinase MpChi de M. perniciosa. (A) Confirmagao da sequéncia do
sitio catalitico da proteina MpChi através de sequenciamento de DNA. (B) Alinhamento da regido catalitica
da quitinase MpChi de M. perniciosa com outras quitinases da familia GH18 de diferentes organismos. O
sitio de ligagédo ao substrato, destacado em amarelo, esta presente na quitinase MpChi. No entanto, esta
proteina exibe uma glutamina, destacada em vermelho, no lugar do glutamato encontrado na regido
catalitica das demais quitinases da familia GH18. A sequéncia consenso mostrada na figura destaca
apenas os aminoacidos conservados do sitio de ligacdo ao substrato e da regido catalitica. Codigos de
acesso no Uniprot: Ustilago maydis Chit1=Q9HEQ7; S. cerevisiae Chi2=Q06350; T. harzianum=Q96UW?2;
B. circulans=P20533; Serratia marcescens ChiB=Q547S1; Nicotiana tabacum ChiB=P29061; Zea mays
Chit2=B6U7J7; Plasmodium falciparum Chit=Q814R4; Caenorhabditis elegans Cht-1=Q11174.
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Producao da proteina MpChi recombinante

Uma vez que o gene MpChi é altamente expresso durante o estagio de vassoura verde,
utilizamos cDNA produzido a partir de RNA extraido de uma planta infectada para amplificar a
regido codante deste gene. Para expressdo da proteina em E. coli, a regido que codifica o
peptideo sinal para secregao foi excluida. O gene amplificado foi clonado nos vetores pGEM-T
Easy e pET-SUMO. A cepa Origami Il de E. coli foi entdo transformada com o gene MpChi ligado
ao vetor pET-SUMO e utilizada na expressao da proteina recombinante. Diferentes parametros
(temperatura, tempo de indugcédo e concentragdo de IPTG) foram inicialmente testados para se
determinar a condicdo 6tima para produg¢ao de grandes quantidades da proteina de forma soluvel
(dados nao mostrados). A proteina recombinante foi eficientemente produzida apds indugdo com
0.05mM de IPTG, a temperatura de 18°C durante 16h. A proteina MpChi foi entdo produzida em
larga escala e purificada através de cromatografia de afinidade. A figura 3 ilustra a produgao da

proteina MpChi recombinante em E. coli.
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Figura 3. Producéo da proteina MpChi em E. coli. (A) Isolamento do gene MpChi por PCR. Como esperado,
0 gene é amplificado a partir de cDNA de plantas infectadas (vassoura verde) e no controle positivo da
reacdo (DNA gendmico). Nao se obteve amplificagdo ao se utilizar cDNA de cacau sadio ou agua (controle
negativo: CTRL-) como template da reagdo. (B) Producdo da proteina MpChi em E. coli apés adicao de
0.05mM de IPTG. Observa-se uma banda bastante intensa com a massa molecular predita para proteina
recombinante (58.5 kDa) apenas na amostra induzida. (C) Purificacdo da proteina MpChi recombinante. A
proteina MpChi néo digerida contém a fusdo His-Tag e SUMO em sua por¢do N-terminal. Esta fusédo é
removida apés digestdo com a enzima ULP-1.
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MpChi nao possui atividade quitinolitica mas apresenta capacidade de ligagao a quitina

A proteina recombinante foi utilizada para verificacdo de atividade quitinolitica em ensaios
fluorimétricos. Notavelmente, nao foi possivel detectar nenhum tipo de atividade quitinolitica
(quitobiosidase, N-acetilglicosaminidase ou endoquitinase). Em contraste, o controle positivo
apresentou clara atividade quitinolitica (Figura 4A). Ainda que com atividade quitinolitica ausente,
verificamos que a proteina MpChi é capaz de se ligar especificamente a quitina, principal
constituinte da parede celular de fungos (Figura 4B). Esta proteina ndo se liga a quitina
deacetilada (quitosano), nem a polissacarideos constituintes de parede celular de plantas (celulose

e xilano).
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Figura 4. A proteina MpChi de M. perniciosa ndo possui atividade quitinolitica, mas retém a capacidade de
ligacéo a quitina. (A) Ensaio de atividade utilizando substratos especificos para a deteccéo de trés atividades
quitinoliticas diferentes: quitobiosidase, N-acetilglicosaminidase e endoquitinase. Uma mistura de quitinases
de Trichoderma foi utilizada como controle positivo do experimento. As barras de erros representam o desvio
padrao de trés medigdes. (B) Ensaio de ligacao da proteina MpChi a diferentes substratos. Verifica-se que a
proteina é capaz de ligar-se especificamente a quitina. P: fragdo precipitada (ligada ao substrato); S: Fragao
soluvel (ndo ligada ao substrato).
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DISCUSSAO

Neste trabalho, apresentamos a caracterizacdo de um potencial efetor possivelmente
envolvido na protecao do patégeno M. perniciosa contra quitinases produzidas pelo cacaueiro. A
protecdo da parede celular mediada por efetores € uma estratégia compartilhada por diferentes
fungos fitopatogénicos (van den Burg et al., 2006; Marshall et al., 2011; Mentlak et al., 2012),
sugerindo um importante papel na evolugao da patogenicidade destes organismos. Curiosamente,
esta estratégia parece ter sido desenvolvida de forma independente nos diferentes fungos, uma
vez que proteinas nao relacionadas estao envolvidas neste mecanismo. Em Cladosporium fulvum,
o efetor AVR4 protege o fungo da acido de enzimas hidroliticas ligando-se a parede celular por
meio de um dominio de ligagc&do a quitina encontrado em invertebrados (van den Burg et al., 2006).
Ja em Mycosphaerella graminicola, a protecdo da parede celular € mediada por proteinas
contendo dominios LysM (Marshall et al., 2011). Neste contexto, a utilizacdo de uma quitinase
inativa por M. perniciosa constitui um modelo inovador e bastante interessante. Definigbes
classicas propdem que efetores sdo proteinas que evoluem rapidamente, sendo espécie-
especificas ou conservadas apenas em espécies filogeneticamente préximas (Stergiopoulos & De
Wit, 2009). No entanto, quitinases sao proteinas presentes em diferentes grupos de organismos,
desde bactérias até eucariotos superiores. Deste modo, a estratégia adotada por M. perniciosa é
um interessante exemplo de como os genomas de fungos fitopatogénicos podem ser moldados
para originar variadas estratégias de patogenicidade. Neste sentido, este modelo pode
exemplificar um mecanismo peculiar de evolugéo de efetores em fungos.

Os resultados apresentados suportam uma possivel participacdo da proteina MpChi na
patogenicidade de M. perniciosa sobre seu hospedeiro. Notavelmente, o gene MpChi é
distintivamente expresso durante a interagdo biotrofica do fungo com o cacaueiro (Figura 1),
estando inclusive entre os genes com os maiores niveis de expressao durante o estagio de
vassoura verde da doenca (Tabela 1). Outros genes altamente expressos neste estagio incluem

efetores putativos, sugerindo que o gene MpChi tenha importante fungédo na patogenicidade de M.
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perniciosa. A auséncia de atividade quitinolitica da proteina MpChi e a sua capacidade de ligagao
a quitina (Figura 3) suportam a ideia de que esta proteina possa se ligar a parede celular do fungo,
protegendo-a da agcido de enzimas hidroliticas produzidas pela planta como estratégia de defesa.
Em suporte a esta hipétese, quitinases do cacaueiro pertencentes as familias GH18 e GH19 sao
bastante induzidas durante a vassoura de bruxa (ver Capitulo 2), o que demandaria mecanismos
eficientes de protecdo da parede celular do patégeno. Experimentos estdo em andamento para
verificarmos se, de fato, a proteina MpChi é capaz de proteger M. perniciosa contra a acao de
quitinases exdégenas.

A visualizacdo em microscopio da localizagdo celular da proteina MpChi é uma
interessante abordagem para fortalecer a hipotese proposta. Neste sentido, a etapa final deste
trabalho também incluira a producao e purificagdo da proteina MpChi fusionada a proteina GFP
(Green Fluorescent Protein) em E. coli, de modo que sua possivel ligagdo a parede celular fungica
possa ser visualizada in vivo. Alternativamente, esta fusdo também foi realizada durante a
construcdo de um cassete para a transformacédo de M. perniciosa (dados nao apresentados).
Nesta construgao, a fusdo MpChi-GFP estara sob controle de um promotor responsivo a metanol
(identificado através do Atlas Transcriptdmico da Vassoura de Bruxa), de forma que a producao da
proteina possa ser iniciada de forma controlada através da adicdo de metanol ao meio de cultura
do fungo. Entretanto, é importante ressaltar que tal abordagem experimental é bastante arriscada
em vista das limitagdes do nosso modelo de estudo. Desta forma, o uso de uma espécie modelo
de fungo, como a levedura Saccharomyces cerevisiae, podera ser uma opcao viavel neste
experimento.

Além de um papel na protecao da parede celular do fungo, é possivel que a proteina MpChi
atue como quelante de fragmentos de quitina liberados pelo patégeno durante a colonizagdo do
hospedeiro. Assim, os fragmentos de quitina liberados ndo seriam detectados pelo cacaueiro,
impedindo a elicitacdo de respostas de defesa. Tal mecanismo ja foi demonstrado para as

proteinas Ecp6 de Cladosporium fulvum, Slp1 de Magnaporthe oryzae e MglLysM3 de
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Mycosphaerella graminicola, todas contendo o dominio LysM (de Jonge et al., 2010; Marshall et
al., 2011; Mentlak et al., 2012). Neste sentido, a conclusao deste trabalho também envolvera a
verificagao da existéncia de uma atividade similar na proteina MpChi.

Finalmente, a comprovacao definitiva da participagdo da proteina MpChi na patogenicidade
de M. perniciosa requer a construgao de linhagens mutantes ou silenciadas para o gene MpChi. A
manipulagdo genética do patdégeno M. perniciosa consiste na principal limitacdo de nosso atual
modelo de estudo, de forma que ndo dispomos de linhagens mutantes até o momento. Uma
abordagem alternativa consiste na superexpressdo do gene MpChi em plantas modelo (por
exemplo, Arabidopsis ou tomateiro), e verificagdo da susceptibilidade a patégenos fungicos em
comparacgao a plantas nao transformadas. De modo geral, os resultados obtidos neste trabalho
sdo inovadores e de grande relevancia para o entendimento das estratégias infectivas adotadas
por M. perniciosa durante o estabelecimento da vassoura de bruxa. Experimentos adicionais
deverao fortalecer a hipétese proposta, o que posicionara a proteina MpChi como um interessante

modelo de efetor em fungos.
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APRESENTAGAO

Proteinas da familia PR-1 (Pathogenesis-related 1) de plantas sao marcadores tipicos de
respostas de defesa contra patégenos, tendo comprovada atividade antifingica. Curiosamente,
uma primeira inspecgao do draft do genoma do fungo Moniliophthora perniciosa revelou a existéncia
de quatro genes que codificam proteinas similares as PR-1 de plantas. Posteriormente, com os
novos sequenciamentos do genoma de M. perniciosa e a construgao do Atlas Transcriptébmico da
Vassoura de Bruxa, outros sete genes PR-1 foram identificados, totalizando onze genes neste
fitopatdgeno. Notavelmente, cinco destes genes sdo altamente expressos durante a interagao
biotréfica do fungo com o cacaueiro, o que sugere uma potencial participagdo das proteinas por
eles codificadas na patogenicidade de M. perniciosa. Em concordancia, analises do Atlas
Transcriptdbmico da Vassoura de Bruxa mostraram que alguns membros da familia MpPR-1 estao
entre os genes mais expressos por M. perniciosa no estagio de vassoura verde da doenga. Ainda,
dois destes genes também sao altamente expressos durante a germinagao dos esporos do fungo,
um estagio bastante comprometido com o estabelecimento da infeccdo. Com base nestas
importantes descobertas, iniciou-se um estudo mais detalhado dos genes MpPR-1 de M.
perniciosa. Este capitulo apresenta a primeira caracterizacao desta familia génica em um fungo
fitopatogénico durante sua interacdo com a planta hospedeira. Os resultados e hipoteses
apresentados tém servido como base para estudos funcionais especificos que visam a elucidacao
da participacao de tais genes no processo infectivo de M. perniciosa e desenvolvimento da doenca

vassoura de bruxa no cacaueiro.
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Abstract

The widespread SCP/TAPS superfamily (SCP/Tpx-1/Ag5/PR-1/5c7) has multiple biological functions, including roles in the
immune response of plants and animals, development of male reproductive tract in mammals, venom activity in insects and
reptiles and host invasion by parasitic worms. Plant Pathogenesis Related 1 (PR-1) proteins belong to this superfamily and
have been characterized as markers of induced defense against pathogens. This work presents the characterization of
eleven genes homologous to plant PR-T genes, designated as MpPR-1, which were identified in the genome of
Moniliophthora perniciosa, a basidiomycete fungus responsible for causing the devastating witches’ broom disease in cacao.
We describe gene structure, protein alignment and modeling analyses of the MpPR-1 family. Additionally, the expression
profiles of MpPR-1 genes were assessed by qPCR in different stages throughout the fungal life cycle. A specific expression
pattern was verified for each member of the MpPR-1 family in the conditions analyzed. Interestingly, some of them were
highly and specifically expressed during the interaction of the fungus with cacao, suggesting a role for the MpPR-1 proteins
in the infective process of this pathogen. Hypothetical functions assigned to members of the MpPR-1 family include
neutralization of plant defenses, antimicrobial activity to avoid competitors and fruiting body physiology. This study
provides strong evidence on the importance of PR-1-like genes for fungal virulence on plants.
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stage of the disease, the parasitic fungus causes drastic morpho-
physiological alterations in the host, resulting in the formation of
hyperplastic and hypertrophic stems, known as green brooms.
During the disease progression, the pathogen switches to its

Introduction

The basidiomycete fungus Monilwphthora perniciosa is the causa-
tive agent of witches’ broom disease (WBD) in cacao. This

devastating disease is responsible for large losses in cacao
plantations in the Americas and is a potential threat to other
cacao-growing areas throughout the world [1,2]. M. pemiciosa
displays a hemibiotrophic lifestyle, with sequential biotrophic
(infective) and necrotrophic stages in the plant. These two mycelial
stages are morphologically distinct: whereas the biotrophic
mycelium is monokaryotic, the necrotrophic stage is dikaryotic
and presents clamp connections for nuclei transfer.

The disease cycle initiates when fungal basidiospores infect
meristematic tissues of cacao — such as shoots, fruits and floral
cushions — where they germinate and develop as biotrophic
monokaryotic hyphae. M. perniciosa does not use any specialized
infection structure to enter the plant (i.e. apressorium), as observed
for the majority of biotrophic and hemibiotrophic fungi [3]. This
fungus enters the host tissues through stomata or wounds and
colonizes the plant apoplast as thick monokaryotic hyphae. In this

PLOS ONE | www.plosone.org

-135-

necrotrophic dikaryotic stage, which parallels the death of the
infected plant tissue. In this phase of WBD, known as dry broom,
M. perniciosa colonizes the dead plant and can be found in the
intracellular spaces of cacao. After alternating wet and dry periods,
the fungus produces basidiomata that release basidiospores,
reinitiating the disease cycle [1,2].

During recent years, efforts have been directed to develop a
solution to control this disease. In 2000, the WBD genome
initiative (www.Ige.ibi.unicamp.br/vassoura) was launched and,
since then, it has supported several molecular and biochemical
studies involving both the pathogen and the plant [4-9]. With the
recent technological advances in the area of DNA sequencing,
transcriptomes representing a variety of growth and developmen-
tal conditions of M. pemiciosa — including transcriptomes of the
fungus developing i planta — were sequenced using the RNA-seq
technology. As a result, a comprehensive database named WBD
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Transcriptome Atlas has been constructed, and has contributed
important information on the molecular basis of the M. perniciosa-
cacao interaction (Teixeira e al., manuscript in preparation).

The establishment of a disease process depends on the ability of
the pathogen to overcome or neutralize plant defenses and then
initiate a parasitic relationship with its host. However, to halt
pathogenic colonization, plants have developed an arsenal of
defense responses, which include induction of pathogenesis-related
(PR) genes [10], production of secondary metabolites as well as
reinforcement of cell walls. Also, usually triggered by the
recognition of a pathogen attack, plants produce highly toxic
radicals, such as nitric oxide and reactive oxygen species, which
can lead to the establishment of a local cell death (the
hypersensitive response, HR). Among the induced pathogenesis-
related genes, PR-1s have been frequently identified and used as
markers of plant defense responses [10]. Notably, they were shown
to have microbicide activity against oomycetes and fungi [11-14].

PR-1 proteins are members of a superfamily named SCP/TAPS
(Sperm-Coating Protein/Tpx-1/Ag5/PR-1/S5c7) or CAP (Cyste-
ine-rich secretory proteins, Antigen 5, and Pathogenesis-related 1).
This superfamily has members throughout the eukaryotic king-
dom, suggesting an important role for these proteins in the biology
of eukaryotes [15,16]. Thus far, only a single report has shown the
existence of enzymatic activity for a SCP/TAPS protein [17]. The
protein Tex31 of the predatory marine mollusk Conus textile showed
serine-proteolytic activity against a specific pro-peptide precursor
of a venom toxin [17]. In addition, structural analyses indicated
that four highly conserved amino acids (two histidines and two
glutamates) form the putative catalytic site of SCP/'TAPS proteins
[16-22]. Although the existence of biochemical activity has not
been shown for any other SCP/TAPS proteins, they are associated
with various biological processes, such as male reproductive tract
development [23,24], immune responses in plants and animals
[25], venom activity of reptiles and insects [26-29] and host
invasion by parasites [30-32].

In fungal species, SCP/TAPS proteins have been studied in
Saccharomyces cerevisiae, in which they are highly expressed under
nutrient starvation conditions [33]. In the basidiomycete Schizo-
phyllum commune, SCP/'TAPS proteins have been associated with
fruiting body formation [34]. Interestingly, in the ascomycetes
Candida albicans and Fusarium oxysporum, deletion of a SCP/TAPS
gene impaired virulence on animals, indicating a role for this class
of genes in fungal pathogenicity [35,36]. Considering that PR-1
proteins are widespread markers of the induced defense response
in plants, what would be the function of their homologs in a plant
pathogenic fungus, such as M. perniciosa?

This article describes the identification of a SCP/TAPS family
in the M. perniciosa genome, the analysis of structural features of
these genes, and their expression profile throughout M. pemiciosa
development. M. perniciosa SCP/TAPS proteins were modeled,
and some structural differences were revealed among them. Based
on these results, we present a hypothetical model in which SCP/
TAPS proteins play a role in M. perniciosa pathogenicity by
interfering with the defense system of cacao plants.

Results

Characterization of the PR-1 gene family in M. perniciosa

Annotation of a genome draft of M. permiciosa [7], and inspection
of fungal EST libraries [6,8] identified four PR-7-like genes in this
pathogen (MpPR-1a to MpPR-1d). Later, improvements in the
genome assembly obtained with next generation sequencing data
(unpublished data) allowed the identification of seven additional
members of the MpPR-1 family (MpPR-1e to MpPR-1k), totaling
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eleven PR-I-like genes in M. perniciosa. These members are very
heterogeneous in size and gene structure, with coding sequences
(CDS) ranging from 447 to 1,152 nucleotides and intron
composition varying between two to five introns. Three of these
genes (MpPR-1¢c, MpPR-1d and MpPR-1j) are organized in tandem.
Sequence details of these eleven genes are shown in Table 1, and
their respective structures (exon-intron positions) are depicted in
figure S1.

Hydrophobic signal peptide sequences predicted with the
TargetP program [37] were identified in all eleven MpPR-1
sequences (NN score >0.80), strongly suggesting that these
proteins are secreted. Additionally, all MpPR-1 proteins showed
a single SCP/TAPS domain (InterPro ID IPR014044), as
predicted by the InterProScan server [38]. These domains were
approximately 130 amino acids in length and ranged between
34% and 82% of the total amino acid sequence of an individual
MpPR-1 protein (Fig. 1A). In addition to the SCP/TAPS domain,
MpPR-1b and MpPR-1g present N-terminal and C-terminal
extensions, respectively. No other InterProScan predicted domain
was identified in these extensions or in any of the MpPR-1 proteins
described. Interestingly, a careful manual inspection revealed that
the C-terminal extension of MpPR-1g is rich in residues of lysine
(K) and glutamic acid (E) that are mostly organized in alternating
positions, resulting in the formation of a “KEKE” motif [39]
(Fig. 2). The MpPR-1b N-terminal extension is also a low
complexity region, being rich in serine, threonine and proline
residues. However, no described motif could be recognized.

Alignment of the amino acid sequences encoded by all MpPR-1
genes revealed significant similarity only over the SCP/TAPS
domains (Fig. 1B). The amino acids proposed to form the putative
catalytic site of SCP/TAPS proteins (two histidines and two
glutamic acids, shown in red) were identified in six MpPR-1s
(MpPR-1b, MpPR-lc, MpPR-1d, MpPR-le, MpPR-1h and
MpPR-1j). In contrast, MpPR-1a presented two, MpPR-1f had
only one and MpPR-1g, MpPR-1i and MpPR-1k had none of the
four conserved residues (Fig. 1B).

Protein structure modeling

To explore the tertiary structural characteristics within the
SCP/TAPS domains of the MpPR-1 family members, we created
homology models using the fold prediction metaserver I-TASSER
(Fig. 3). The derived models indicated that the MpPR-1 SCP/
TAPS domains adopt the o-B-o sandwich conformation, which is
common to all superfamily members across the species studied
[16,18] (Fig. 3A). Furthermore, all MpPR-1 proteins possess the
large cleft proposed to constitute the SCP/TAPS active site. As
mentioned above, six MpPR-1 proteins (MpPR-1b, MpPR-Ic,
MpPR-1d, MpPR-1e, MpPR-1h and MpPR-1j) have the four
conserved residues of the putative catalytic site. These residues are
localized within this cleft (Iig. 3B) and are found in the same
direction of the orthologous amino acids identified in previous
SCP/TAPS crystal structures [18,21,22,25]. These residues are
lacking (MpPR-1g, MpPR-1i and MpPR-1k) or partially absent
(MpPR-1a and MpPR-1{) in other members of the MpPR-1 family
(Fig. 3C), indicating some diversification in their mode of action.

Remarkably, MpPR-1b and MpPR-1g contain two modules:
the SCP/TAPS domain and either N-terminal (MpPR-1b) or C-
terminal (MpPR-1g) extensions. Protein models indicate that such
extensions are structurally organized and have o-helix conforma-
tions (Fig. 3A). These additional regions possibly confer a different
activity or regulation to these proteins.
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Figure 1. Comparison of MpPR-1 and SCP/TAPS proteins of representative organisms. (A) Domain arrangement of SCP/TAPS proteins.
Hydrophobic signal peptides are shown in black and SCP/TAPS domains are represented in blue. The numbers on the right show the size of each
protein. Large N-terminal and C-terminal expansions are observed in MpPR-1b and MpPR-1g, respectively. (B) Alignment of the conserved domain of
SCP/TAPS proteins. In general, the SCP/TAPS superfamily members show similarities only over the SCP/TAPS domain. Conserved residues (100% of
identity) are shown in blue and semi-conserved residues (at least 60% of identity) in green. Putative active site residues are highlighted in red and
cysteines in yellow. Secondary structure elements are shown above the alignment (arrow: B-sheets; helix: a-helixes). P14, tomato PR-1 (GenBank
P04284); RBT4, repressed by TUP1 from Candida albicans (GenBank AAG09789); Tex31, SCP/TAPS from the mollusk Conus textile (GenBank CAD36507);
Na-ASP-2, Necator americanus secreted protein (GenBank AAP41952); GliPR-1, human glioma PR-1 protein (GenBank P48060); SC7, SCP/TAPS from the
basidiomycete Schizophyllum commune (GenBank P35794).

doi:10.1371/journal.pone.0045929.g001
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Table 1. Characteristics of the eleven MpPR-1 genes identified in the M. perniciosa genome.

GenBank accession CDS size Number of Protein size

Gene name number (bp) introns (aa) Signal peptide BlastX First Hit (Swissprot)* BlastP First Hit (NCBI-NR)*

MpPR-1a JN620340 522 2 173 Yes SC14 (1e-19) XP_001876569.1- predicted protein (1e-54)
(NN score =0.894) Schizophyllum commune Laccaria bicolor

MpPR-1b JIN620341 1152 5 383 Yes SC7 (3e-25) XP_001873270.1- predicted protein (2e-63)
(NN score =0.844) Saccharomyces cerevisiae Laccaria bicolor

MpPR-1c JN620342 615 4 204 Yes PRY1 (1e-28) XP_001889714.1- predicted protein (2e-48)
(NN score =0.898) Saccharomyces cerevisiae Laccaria bicolor

MpPR-1d JN620343 684 5 227 Yes PRY1 (3e-31) XP_001889714.1- predicted protein (8e-66)
(NN score =0.951) Saccharomyces cerevisiae Laccaria bicolor

MpPR-1e JN620344 468 3 155 Yes PR-1C (6e-35) XP_003038868.1- hypothetical protein (2e-45)
(NN score =0.919) Nicotiana tabacum Schizophyllum commune

MpPR-1f JN620345 492 3 163 Yes SC7 (4e-25) CCA68148 - related to PRY1 (8e-42)
(NN score =0.947) Schizophyllum commune Piriformospora indica

MpPR-1g JN620346 759 4 252 Yes SC7 (4e-13) EFY95292.1 - hypothetical protein (4e-15)
(NN score =0.905) Schizophyllum commune Metarhizium anisopliae

MpPR-1h JN620347 738 5 245 Yes PR-1B (5e-24) XP_001828886.1- hypothetical protein (3e-41)
(NN score =0.804) Nicotiana tabacum Coprinopsis cinerea

MpPR-1i JN620348 498 3 165 Yes SC7 (4e-05) EG002028.1- hypothetical protein (3e-10)
(NN score =0.940) Schizophyllum commune Serpula lacrymans

MpPR-1j JN620349 639 4 212 Yes PRY3 (8e-30) XP_001889714.1- predicted protein (2e-54)
(NN score =0.918) Saccharomyces cerevisiae Laccaria bicolor

MpPR-1k JN620350 447 2 148 Yes P14 (2e-03) XP_002578075.1- venom allergen 21 (4e-09)
(NN score =0.944) Solanum lycopersicum Schistosoma mansoni

*e-values are shown in parentheses.
doi:10.1371/journal.pone.0045929.t001
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BLACK - Signal peptide (SP)
BLUE — SCP/TAPS domain
RED — KEKE motif

Figure 2. Domains identified in the MpPR-1g protein. In addition to the SCP/TAPS domain, this protein has a KEKE motif in its C-terminal
extension. This motif is known to mediate the interaction with other proteins or ions.
doi:10.1371/journal.pone.0045929.g002

Expression profile of MpPR-1 genes throughout M. analyzed. In contrast, MpPR-1e¢ was up-regulated in the dikaryotic
perniciosa development hyphae, whereas MpPR-1j was exclusively expressed in mush-

The expression pattern of MpPR-1 family members was assessed ~ 1ooms (basidiomata). Strikingly, five MpPR-1 genes (MpPR-1c,
by quantitative real time PCR (qPCR) throughout the different MpPR-1f,  MpPR-Ig, MpPR-Ih, and MpPR-1k) were highly
developmental stages of M. perniciosa. As shown in Figure 4, each expressed during the biotrophic interaction of the fungus with
MpPR-1 gene showed a specific expression profile: expression of the cacao plant (green broom stage of WBD). These genes were
MpPR-1a, MpPR-1b, MpPR-1d and MpPR-1i genes was relatively ~ Poorly expressed in the necrotrophic hyphae (dry broom stage of
uniform, with nearly similar expression values for most conditions

R
Ves V5 Natrin GAPR-1
(Vespa vulgaris) (Naja atra) (Homo sapiens)

MpPR-1j  MpPR-1k

Figure 3. Homology modeling of MpPR-1 proteins. (A) Ribbon stick representation showing the folding of eleven MpPR-1 proteins and three
SCP/TAPS proteins used to obtain these models. The putative residues forming the catalytic site are highlighted in dark blue (histidines) and light
blue (glutamic acids). Note the presence of an additional protein module in MpPR-1b and MpPR-1g. These modules respectively correspond to the N-
terminal and C-terminal extensions observed in these proteins. (B) MpPR-1b, MpPR-1c, MpPR-1d, MpPR-1e, MpPR-1h and MpPR-1j have the four
putative active site residues of the SCP/TAPS domain. (C) These residues are partially or completely absent in MpPR-1a, MpPR-1f, MpPR-1g, MpPR-1i
and MpPR-1k.

doi:10.1371/journal.pone.0045929.g003
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Figure 4. Transcriptional profile of MpPR-7 family members throughout the M. perniciosa life cycle. Each MpPR-1 gene has a distinct

expression profile during fungal development. “Monokaryotic”

and “Dikaryotic” hyphae represent the two mycelial stages (biotrophic and

necrotrophic) grown under in vitro conditions. “Green broom” and “dry broom” correspond to the biotrophic and necrotrophic stages of M.
perniciosa, respectively, during its interaction with cacao. Analyses were performed by gqPCR and the M. perniciosa f-actin gene was used as
endogenous control to normalize data. Error bars represent standard deviations determined with two biological replicates. Representative drawings

of the conditions analyzed are shown on the top.
doi:10.1371/journal.pone.0045929.g004

WBD) and in the ex planta conditions, suggesting a specific role for
the encoded proteins in fungal pathogenicity.

Characterization of an MpPR-1 cluster

As mentioned above, genes MpPR-1c, MpPR-1d and MpPR-Ij
are arranged i tandem over a region of approximately 5 kbp in the
M. perniciosa genome (Fig. 5). This gene cluster points to the
occurrence of gene duplication events during the evolution of the
MpPR-1 family. Indeed, the proteins encoded by these three genes
are more similar to each other than to other MpPR-1 members
(data not shown). In accordance, these three genes have very
similar structures, with a minor difference in MpPR-1d, which has
an additional intron and a mini-exon following exon 2 (Fig. S1).
Importantly, genes MpPR-1¢ and MpPR-1Ij are also highly similar
at the nucleotide level (84% identity), indicating a recent event of
gene duplication. Despite their similarity, these genes have distinct
expression profiles: whereas AMpPR-1j is highly expressed in
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basidiomata, MpPR-1¢ is mainly expressed during cacao infection
(green broom stage of WBD) (Figs. 4 and 5).

Discussion

In this study, we identified a family of genes encoding proteins
of the SCP/TAPS superfamily in the plant pathogen Moniliophthora
perniciosa. SCP/TAPS proteins are found in a vast number of
organisms, including plants, insects, mammals, fungi, mollusks and
worms. Plant Pathogenesis-related proteins (PR-1) belong to this
superfamily and are known to accumulate after pathogen invasion
[10]. Despite being broadly spread, evidence for the importance of
fungal SCP/TAPSs in plant-pathogen interactions has not yet
been described.

M. perniciosa has a larger number (11) of SCP/TAPS genes
encoding PR-1-like secreted proteins than other fungal species
analyzed to date (Table S1). Although these proteins have a single
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Figure 5. Genomic organization and transcriptional profile of the MpPR-7 gene cluster found in M. perniciosa. The MpPR-1c, MpPR-1d
and MpPR-1j genes are arranged in tandem over a region of approximately 5 kbp. Analysis of the WBD RNA-seq Atlas shows the expression profile of
these MpPR-1 genes in different conditions (green broom - in planta development of the biotrophic monokaryotic hyphae; monokaryotic mycelium;
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they were identified in the fungal genome, and the nomenclature does not necessarily reflect their relative localization in the genome.

doi:10.1371/journal.pone.0045929.g005

SCP/TAPS domain, they are very divergent in sequence (Fig. 1B).
Some of them show extensions in their N-terminal (MpPR-1b) or
C-terminal (MpPR-1g) regions (Fig. 1A and Fig. 3A). Also, six
MpPR1s (MpPR-1b, MpPR-1c, MpPR-1d, MpPR-1e, MpPR-1h
and MpPR-1j) have all four conserved amino acids (two histidines
and two glutamates) of the active site proposed for SCP/TAPS
proteins, whereas the other five proteins (MpPR-1a, MpPR-1f,
MpPR-1g, MpPR-1i and MpPR-1k) lack the catalytic tetrad
(Fig. 1B and Fig. 3). However, the basic signatures of SCP/TAPS
domains remain conserved.

The high number of genes and the variation in protein sequence
of MpPR-1 members may reflect a process of diversification of this
gene family in M. perniciosa. In accordance, the cluster including
three MpPR-1 members (Fig. 5) indicates the occurrence of recent
events of gene duplication, which are central for the generation of
genetic variability. In this regard, functional diversity may occur
within this family, and different MpPR-1s likely play a particular
role in M. perniciosa biology.

Although widely distributed among several species, the func-
tions of SCP/TAPS proteins are still uncertain. Their broad
distribution indicates that they play a role in a plethora of
biological processes. In the mushroom-forming basidiomycete
Schizophyllum commune, SCP/'TAPS proteins were identified in the
basidiomata, being involved in the formation of pseudo-parench-
ymous tissue of this reproductive structure [34]. In a similar way,
MpPR-1j is exclusively expressed in the basidiomata of M.
perniciosa, suggesting a role for this isoform in the physiology/
metabolism of fruiting bodies. In contrast, we also identified SCP/
TAPS genes in the genomes of some basidiomycetes that do not
produce mushrooms (e.g., Ustilago maydis, Puccinia graminis,
Melampsora spp and Cryptococcus spp) (data not shown). Therefore,
it is likely that SCP/TAPS proteins have functions in basidiomy-
cetes other than fruiting body development/physiology.

In response to pathogen invasion, plants typically produce PR-1
proteins, which have antimicrobial activity and, consequently, are
able to inhibit the development of fungi and oomycetes [11-13].
Considering that, we hypothesize that some MpPR-1s could play a
role in limiting the growth of other microbial competitors (e.g.,
oomycetes from the genus Phytophthora, responsible for causing
black pod rot in cacao), thus favoring M. perniciosa colonization
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during WBD progression. Functional experiments are needed to
confirm the existence of antimicrobial activity in any of the
MpPR-1 proteins identified.

Gene expression analyses revealed that five MpPR-1 genes
(MpPR-1¢c, MpPR-1f, MpPR-1g, MpPR-1h and MpPR-1k) are
strikingly up-regulated in the green broom stage of WBD, when
the fungus grows biotrophically within the plant tissues (Fig. 4).
Remarkably, inspection of the WBD RNA-seq Transcriptome
Atlas (Teixeira e/ al., manuscript in preparation) revealed that
MpPR-1g and MpPR-1h are among the most highly expressed
genes of M. perniciosa during its biotrophic interaction with cacao.
Moreover, in addition to the green broom stage, MpPR-1f and
MpPR-1h are notably expressed in germinating basidiospores
(Fig. S2), a critical stage for the establishment of infection. None of
these genes were significantly expressed in non-germinating spores
or in the dry broom stage of WBD (Fig. 4 and Fig. S2), strongly
indicating a major role for the encoded proteins in the infective
(biotrophic) stage of M. pemiciosa. Similarly, SCP/TAPS genes
identified in some animal parasitic worms (Schistosoma mansonz,
Brugia malayi, Necator americanus and Ancylostoma caninum) are highly
expressed in the infective stage and are considered important
pathogenicity factors [30,31,40-42]. In these parasites, SCP/
TAPSs are supposed to contribute to their virulence by
modulating the host immune response [15,16].

Recently, a SCP/TAPS protein in the plant-parasitic nematode
Globodera rostochiensis (Gr-VAPI) was shown to function as an
effector by interacting with the tomato cysteine protease Rcr3,
which is also a target of the Avr2 effector from the fungus
Cladosportum fulvum [43]. In addition, SCP/TAPS proteins have
been identified in other plant infecting nematodes (e.g. Helerodera
glycines, Meloidogyne incognita and Bursaphelenchus xylophilus), and these
are thought to be required for the establishment of parasitism [44—
48]. Considering the expression pattern of some SCP/TAPS genes
in M. perniciosa and the functions ascribed for the encoded proteins
in other pathogenic organisms, it is plausible that some MpPR-1s
play a role in the M. perniciosa-cacao interaction and may be
candidate effectors of this fungal pathogen. Accordingly, a recent
study that aimed at the identification of putative effectors in
Melampsora larici-populina and Puccinia graminis reported the enrich-
ment of SCP/TAPSs in the predicted secretome of these rust fungi
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[49]. A fungal SCP/TAPS gene was also identified in EST libraries
produced from rye infected with the ascomycete pathogen Claviceps
purpurea [50], suggesting that these genes might also be important
in other plant-fungus interactions.

In recent years, a role for SCP/TAPSs as virulence factors has
emerged in many organisms. It is likely that these proteins
converged as pathogenicity mechanisms in distinct pathogens/
parasites from either plants or animals. Whereas the function of
fungal SCP/TAPSs as virulence factors in plant pathogens
remains to be confirmed, previous studies demonstrated that these
proteins are required for fungal virulence on animals (e.g. C.
albicans and F. oxysporum) [35,36]. The ascomycete F. oxysporum is a
multi-host pathogen that is able to infect both plants and animals.
Previous work by Prados-Rosales ¢t al. verified that fjrl, one of the
six SCP/TAPS genes from this pathogen, is required for fungal
virulence on animals but not on plants [36]. Given that the F.
oxysporum genome contains five other SCP/TAPS genes, the
absence of a phenotype on plants can be explained by the
occurrence of functional redundancy in this gene family. Notably,
there is evidence that fpr/ is part of a gene family that has
expanded in F. oxpsporum and in other plant pathogenic
Sordariomycetes [36].

Although the precise activity of SCP/TAPSs is currently
unknown, Prados-Rosales ez al. presented the first genetic evidence
for a biological function of the proposed active site of SCP/TAPS
proteins [36]. The authors demonstrated that the integrity of the
active site is required for F. oxpsporum virulence on animals. In M.
perniciosa, six MpPR-1s (MpPR-1b, MpPR-1¢c, MpPR-1d, MpPR-
le, MpPR-1h and MpPR-1j) contain all four amino acids of the
proposed active site. In contrast, the other five proteins do not
have the complete catalytic tetrad (Fig. 1B). In this regard, it is
possible that M. perniciosa PR-1s have distinct mode of actions. For
instance, whereas those proteins with the complete catalytic tetrad
can function as enzymes, the other PR-1s may act as inhibitors.

Concomitantly to the up-regulation of some MpPR-1 genes in
planta, we identified a cacao PR-1 gene over-expressed in the green
broom stage of WBD (Fig. S3). Based on these findings, we suggest
that some MpPR-1s could act as competitive inhibitors of the plant
PR-1, modulating the cacao immune response. It has already been
shown that the SCP/TAPS protein Na-ASP-2 of the hookworm
Necator americanus has a high structural similarity to chemokines,
and this protein is proposed to be an antagonistic ligand of
receptors that activate the immune system of the vertebrate host
[51]. Furthermore, NIF (Neutrophil inhibitory factor), a SCP/
TAPS protein from Angylostoma caninum, interferes with the host
Immune system by interacting with neutrophil receptors [32].
Confirmation of this interesting mechanism in the M. perniciosa-
cacao interaction may be of primary relevance to the understand-
ing of many other plant diseases and will shed light on our
understanding of PR-1 functions.

Among the MpPR-1 genes that are highly expressed w planta,
MpPR-1g is the only one with a C-terminal extension in addition to
the SCP/TAPS domain (Fig. 1A and Fig. 3A). This additional
region is rich in lysine (K) and glutamic acid (E) residues, which
are mostly organized in alternating positions, resulting in the
formation of a "KEKE" motif [39] (Fig. 2). This motif is known to
mediate protein-protein associations [39,52] and is also able to
bind divalent ions, such as calcium and zinc [53]. Calcium is an
important regulator of many cellular processes, including plant
defense responses [54]. In this regard, this additional module may
be important in determining the mode of action of MpPR-1g.
Whether this protein interacts with other proteins, particularly
cacao proteins, and/or interferes with the plant calcium signaling
during infection should be the object of future studies.
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Opverall, this study presents important evidence on the role of
fungal SCP/TAPSs in the context of a plant-pathogen interaction.
Although the precise function of each MpPR-1 family member is
currently unknown, the information provided in our study suggests
they have potential roles in some important biological processes,
such as fruiting body metabolism, spore penetration and
modulation of the host defense response. As a consequence, our
results may inform the study of the role of PR-1-encoding genes in
other organisms, particularly phytopathogens. Further studies
concerning the M. perniciosa PR-1 gene family will focus on the
characterization of this interesting family in terms of fungal
development and roles in the M. perniciosa interaction with cacao.

Materials and Methods

Biological material

Isolate CP02 of Monihophthora perniciosa (Stahel) Aime &
Philliphs-Mora [55], was used to perform the experiments. Under
in wvitro conditions, the fungus can only be maintained as a
dikaryotic mycelium, and all other developmental stages (basidio-
mata, basidiospores and monokaryotic mycelium) are obtained
from the dikaryotic stage. The reproductive structures (basidio-
mata) were produced in laboratory according to the protocol
described by Pires et al. [8]. Fresh basidiomata were used to collect
basidiospores according to Frias et al. [56].

Basidiospores suspensions were utilized for the i vitro produc-
tion of the monokaryotic mycelia. For this purpose, approximately
3.75x10° basidiospores were inoculated in 125 ml Erlenmeyer
flasks containing 50 ml liquid medium (LMCpL+), as described by
Meinhardt et al. [57]. Liquid cultures were maintained at 28°C
and incubated under agitation at 120 rpm. Dikaryotic mycelium
was inoculated in the same medium and maintained under the
same conditions. Both mycelia were collected 7 days post
inoculation to perform the experiments.

Theobroma cacao L. cv. “Comum” was used to perform the
infection experiments. Three-months-old plantlets were inoculated
with 30 uL of a basidiospore suspension (1x10° spores mL™")
according to the procedure described by Frias et al. [56]. Plantlets
were kept in a greenhouse under controlled conditions of
temperature (26°C) and humidity (>80%). Green brooms
(biotrophic stage) and dry brooms (necrotrophic stage) were
collected 30 and 105 days post inoculation, respectively.

Sequence analysis

Inspection of the M. perniciosa genome led to the identification of
cleven genes encoding proteins similar to plant pathogenesis-
related proteins 1 (PR-1). These genes were named MpPR-1a to
MpPR-1k according to the order they were discovered. The
complete open reading frames (ORIs) of these genes were
predicted using the program Augustus [58] and confirmed by
cDNA sequencing. These sequences have been submitted to
GenBank with the accession numbers JN620340 to JN620350.
Blast searches were performed using the NCBI-NR and Swissprot
databases. Domain prediction of the encoded proteins was
performed using the InterProScan server [38] and the presence
of a signal peptide for secretion was predicted using the software

TargetP 1.1 [37].

Total RNA extraction and cDNA synthesis

With the exception of basidiospores, samples were ground to a
fine powder in liquid nitrogen using a pestle and mortar.
Basidiospores walls were broken by vortexing the sample in
RNA extraction buffer (Buffer RL'T, RNeasy Plant Mini Kit) and
200 mg glass beads (0.4-0.6 um, Sigma-Aldrich, St. Louis, MO,
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EUA). RNA isolation was performed using the RNeasy Plant Mini
Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions. RNA  was treated with DNAse I AmpGrade
(Invitrogen, Carlsbad, CA, USA) and its concentration was
accessed using the ND-1000 spectrophotometer (NanoDrop,
Wilmington, DE; USA). cDNA was synthesized from 1 pg total
RNA using the SuperScript II Reverse Transcriptase (Invitrogen),
according to the manufacturer’s instructions.

Gene expression assays

Quantitative real time PCR (qPCR) was performed on a
StepOne Plus Real Time PCR System (Applied Biosystems, Foster
City, CA, USA) using Sybr Green I dye for the detection of PCR
products. Each reaction contained 8 pul SYBR Green PCR Master
Mix (Applied Biosystems), 250 nM each primer and 50 ng cDNA
template in a final volume of 16 pl. No-template reactions were
included as negative controls for each set of primers used. The
thermal cycling conditions were 94°C for 10 min, followed by 40
cycles of 94°C for 15 s, 53°C for 30 s and 60°C for 1 min, with
fluorescence detection at the end of each cycle. In addition, a
melting curve analysis was performed to verify the amplification of
a single product per reaction. All reactions were conducted in
technical triplicates using two independent biological replicates of
each sample. The M. perniciosa f-actin gene was used to normalize
data and expression levels are presented as 27AC Primers used in
this assay are shown in Table S2.

Protein structure modeling

The fold recognition-based method was implemented using the
I-TASSER server [59], which constructed structure models for
each MpPR-1 protein using folds of the most similar proteins
deposited in the PDB (Protein Data Bank) database (http://www.
rcsh.org/pdb). The main templates were based on the structure of
three proteins: 1) Natrin (PDB — 1xta), a component of the venom
of the snake Ngja atras; ii) GAPR-1 (PDB — Ismb), a SCP/TAPS
protein associated with the membrane of the human Golgi system;
and iii) Ves V5 (PDB — 1qnx), present in the venom of the wasp
Vespula  vulgaris. The modeled structures were validated by
analyzing the Ramachandran plots generated by PROCHECK
[60], and the models were displayed using the software PyMOL
[61].

Supporting Information

Figure S1 Structure of the MpPR-1 genes. Exons are
represented by boxes, while introns are shown as lines. Exons are
colored to highlight the regions encoding important protein
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features: predicted signal peptides (black), SCP/TAPS domain
(blue) and the remaining ORF (gray).
(TTF)

Figure S2 Expression levels of MpPR-1 genes in germi-
nating and non-germinating basidiospores. MpPR-1f and
MpPR-1h are highly expressed in germinating basidiospores,
supporting a role for the encoded proteins in the establishment
of witches’ broom disease. Data are part of the WBD
Transcriptome Atlas and were obtained by RNA-seq sequencing.
Gene expression values are given in Reads Per Kilobase of exon
model per Million mapped reads (RPKM).

(TTF)

Figure S3 Gene expression levels of a cacao PR-1 (ID
CGDO0027635) in infected and healthy plants. Similar to
some MpPR-1 genes, a cacao PR-1 (TcPR-1) is up-regulated in the
green broom stage of WBD. The analysis was performed by gPCR
and the 7. cacao a-tubulin gene (ID CGD0029727) was used as
endogenous control to normalize data. Gene IDs refer to the
Cacao Genome Database (http://www.cacaogenomedb.org). The
qPCR assay was conducted as described in the Material and
Methods section and primers used in the experiment were: TcPR-
1_F: 5" ACCTTATGGCGAGAACCTTG 3’, TcPR-1_R: 5’
GGAGTAATCATAGTCGGCCTTC 3', TcTub_F: 5" AC-
CAATCTTAACCGCCTTGTCT 3" and TcTub_R: 5’
GTTAGTCTGGAACTCAGTCACAT 3'.
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Supplemental Figure 1. Structure of the MpPR-1 genes. Exons are represented by boxes, while introns

are shown as lines. Exons are colored to highlight the regions encoding important protein features: predicted
signal peptides (black), SCP/TAPS domain (blue) and the remaining ORF (gray).
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Supplemental Figure 2. Expression levels of MpPR-1 genes in germinating and non-germinating
basidiospores. MpPR-1f and MpPR-1h are highly expressed in germinating basidiospores, supporting a role
for the encoded proteins in the establishment of witches’ broom disease. Data are part of the WBD

Transcriptome Atlas and were obtained by RNA-seq sequencing. Gene expression values are given in Reads
Per Kilobase of exon model per Million mapped reads (RPKM).
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Supplemental Figure 3. Gene expression levels of a cacao PR-1 (ID CGD0027635) in infected and
healthy plants. Similar to some MpPR-1 genes, a cacao PR-1 (TcPR-1) is up-regulated in the green broom
stage of WBD. The analysis was performed by qPCR and the T. cacao a-tubulin gene (ID CGD0029727) was
used as endogenous control to normalize data. Gene IDs refer to the Cacao Genome Database
(http://www.cacaogenomedb.org). The gPCR assay was conducted as described in the Material and Methods
section and primers used in the experiment were: TcPR-1_F: 5° ACCTTATGGCGAGAACCTTG 3, TcPR-
1_R: 5 GGAGTAATCATAGTCGGCCTTC 3°, TcTub_F: 5 ACCAATCTTAACCGCCTTGTCT 3 and
TcTub_R: 5 GTTAGTCTGGAACTCAGTCACAT 3.
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Supplemental Table 1. Number of SCP/TAPS genes in fungal species with different lifestyles.
Numbers correspond to the genes coding proteins with the InterPro ID IPR014044.

Fungal species SZ‘Z:QSPS Lifestyle
Botrytis cinerea’ 5 Necrotrophic pathogen (Ascomycete)
Sclerotinia sclerotiorum' 3 Necrotrophic pathogen (Ascomycete)
Fusarium graminearum1 5 Hemibiotrophic pathogen (Ascomycete)
Magnaporthe oryzae1 7 Hemibiotrophic pathogen (Ascomycete)
Ustilago maydis1 2 Biotrophic pathogen (Basidiomycete)
Melampsora /arici—populina2 10 Biotrophic pathogen (Basidiomycete)
Puccinia graminis’ 7 Biotrophic pathogen (Basidiomycete)
Phanerochaete chrysosporium2 2 Saprotrophic (Basidiomycete)
Postia placenta® 1 Saprotrophic (Basidiomycete)
Schizophyllum commune® 5 Saprotrophic (Basidiomycete)
Serpula lacrymans® 2 Saprotrophic (Basidiomycete)
Coprinopsis cinerea’' 2 Saprotrophic (Basidiomycete)
Laccaria bicolor? 9 Ectomycorrhizal (Basidiomycete)
Moniliophthora perniciosa 11 Hemibiotrophic pathogen (Basidiomycete)

' Data from genomes sequenced by the Broad Institute of Harvard and MIT (http://www.broadinstitute.org/)
2 Data from genomes sequenced by the Department of Energy Joint Genome Institute (http://www.jgi.doe.gov/)

Supplemental Table 2. Primers used for quantitative real time PCR analyses of M. perniciosa PR-
1 genes.

Gene name Forward primer Reverse primer

B-actin 5 CCCTTCTATCGTCGGTCGT 3 5" AGGATACCACGCTTGGATTG 3’
MpPR-1a 5" AGTTGAAAGGCTCAGATGGAT 3° 5 AGTGATTATAGGCGGGATTGG 3°
MpPR-1b 5" TAGCGACAGTTATTCCATTTCC 3 5" GACTTGAGTTGTGGCTTTCC 3
MpPR-1c 5° CAAACACACAGAACCGACT 3° 5 GTGGGTTACTGTGTTCATACA 3°
MpPR-1d 5" CACTCAAGTTGTCTGGAAGAG 3° 5" CTGGTAACTTTGCTGGACG 3°
MpPR-1e 5" CCGAGCCTTTGACCTGGA & 5 CCCAAGTTCTGTAGTGGATTTCC 3
MpPR-1f 5" ACCAGTGCAACTTCCAGACTTC 3 5 CACACGATTTGGGTCCAGC 3’
MpPR-1g 5" CTAAGCAATGTCAACTCGAGGC 3 5 CCCAACACTTCTGGTTGACTTG &
MpPR-1h 5 CCGCGGTTCAGCTATGGC ¥ 5" CACGTGGAGCGTAGTGGG 3
MpPR-1i 5 CGCAGCTTTGGGGCGATA ¥ 5 GGTAGCTTCACCACATCCAAC 3’
MpPR-1j 5" GCCAGTTTGAGCACAGTGACC 3 5  AGTTGGAAAAATGTGGGTCGTCA 3°
MpPR-1k 5" CGATAGGTCTACAGGGTGATTTC 3° 5° AGAACTATCCCCGCTTGAATAC 3°
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APRESENTAGAO

Uma primeira linha de defesa em plantas pode ser ativada pelo reconhecimento de
moléculas conservadas em microrganismos denominadas MAMPs (Microbe-Associated Molecular
Patterns). Uma das classes de receptores que participam do reconhecimento de MAMPs é
formada por proteinas transmembrana que possuem um dominio quinase citoplasmatico e um
dominio variavel extracelular, sendo denominadas RLKs (receptor-like kinases). Enquanto o
dominio quinase das RLKs realiza a transducdo de sinais dentro da célula, o dominio extracelular
é responsavel por determinar a natureza da molécula reconhecida pelo receptor. Assim, RLKs sao
normalmente classificadas em dezenas de grupos com base neste dominio extracelular.
Notavelmente, a analise do genoma do cacaueiro revelou a existéncia de uma nova classe de
RLKs contendo proteinas PR-1 na regido extracelular. PR-1s sao proteinas secretadas por plantas
em resposta ao ataque de patdégenos, nunca tendo sido caracterizadas como receptores
anteriormente. Por este motivo, decidimos realizar uma analise mais detalhada dos dois genes PR-
1 quinases (PR-1RKs) identificados no genoma do cacaueiro. A inspec¢ao do Atlas Transcriptémico
da Vassoura de Bruxa revelou que um destes genes é induzido em resposta a infecgdo por M.
perniciosa, sugerindo um possivel papel no sistema imune do hospedeiro. Este short
communication apresenta hipéteses quanto a origem e fungdo destas proteinas PR-1RK,

marcando o inicio de um projeto que visa a caracterizagcdo destes novos receptores do cacaueiro.
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SUMMARY

Members of the pathogenesis-related protein 1 (PR-1) family are well-known markers of
plant defense responses, forming part of the arsenal of secreted proteins produced upon pathogen
recognition. Here, we report the identification of two cacao (Theobroma cacao L.) PR-1s that are
fused to transmembrane regions and serine/threonine kinase domains, in a manner characteristic
of receptor-like kinases (RLKs). These proteins (TcPR-1f and TcPR-1g) were named PR-1 receptor
kinases (PR-1RKs). Phylogenetic analysis of RLKs and PR-1 proteins from cacao indicated that
PR-1RKs originated from a fusion between sequences encoding PR-1 and the kinase domain of a
LecRLK (Lectin Receptor-like Kinase). Retrotransposition marks surround TcPR-1f, suggesting that
retrotransposition was involved in the origin of PR-1RKs. Genes with a similar domain architecture
to cacao PR-1RKs were found in rice (Oryza sativa), barrel medic (Medicago truncatula) and a non-
phototrophic bacterium (Herpetosiphon aurantiacus). However, their kinase domains differed from
those found in LecRLKs, indicating the occurrence of convergent evolution. TcPR-1g expression
was up-regulated in the biotrophic stage of witches’ broom disease, suggesting a role for PR-1RKs
during cacao defense responses. We hypothesize that PR-1RKs transduce a defense signal by

interacting with a PR-1 ligand.
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Pathogenesis-related (PR) proteins are produced by plants during pathogen infection.
Members of the PR-1 family are well-known markers of plant defense responses (Van Loon et al.,
2006) and some of these have been found to inhibit the development of fungi and oomycetes in
vitro (Niderman et al., 1995; Rauscher et al., 1999). Although these proteins are widely recognized
as components of the plant defense system, their function has not been well defined. PR-1 proteins
are part of the SCP/TAPS superfamily (Sperm-Coating Protein/Tpx-1-Ag5-PR-1-Sc7), which
consists of proteins from a wide phylogenetic spectrum involved in defense responses,
pathogenesis and reproduction (Cantacessi et al., 2009; Gibbs et al., 2008). In addition to a
conserved SCP/TAPS domain, many proteins from the SCP/TAPS superfamily contain C-terminal
extensions that have functional domains (Gibbs et al., 2008). Curiously, the plant PR-1 proteins
experimentally characterized to date contain only the SCP/TAPS domain, and lack any C-terminal
domain extension.

Cacao (Theobroma cacao L.) is one of the most economically important perennial crops in
the world, producing the main feedstock for the chocolate industry (Afoakwa et al., 2008). However,
cacao production is severely hindered by diseases caused by fungi and oomycetes (Evans et al.,
2007). Hence, the study of proteins associated with plant immunity can provide clues for the
development of strategies to control pathogen infection in cacao plantations. Based on evidence
that PR-1 genes are related to defense responses in plants (Van Loon et al., 2006), we searched
for these genes in the cacao genome. First, we used the sequence of the tomato PR-1 protein P14
(Fernandez et al., 1997; GenBank P04284) as bait in a tBLASTn search of the Cacao Genome
Database (http://www.cacaogenomedb.org), a consortium from MARS/USDA-ARS that sequenced
the Matina 1-6 genotype. Matina 1-6 is representative of the Forastero genetic background most
commonly found in cacao producing countries. Thirteen genes with significant sequence similarity
(BlastP positives > 55%; E-value < 1e- 25) to P14 were identified in the Matina 1-6 cacao genome
(Table 1). We named these genes TcPR-1a to TcPR-1m. Consistent with Blast analyses, a search

for members of the SCP/TAPS family (InterPro IPR001283) using the InterProScan server
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(Quevillon et al., 2005; http://www.ebi.ac.uk/Tools/pfal/iprscan) also revealed the existence of
thirteen protein models in cacao. The InterPro analysis also revealed that the thirteen PR-1 proteins
from T. cacao have predicted hydrophobic signal peptides, indicating that these proteins are
potentially directed to the secretory pathway. Additionally, all of these proteins contain complete
SCP/TAPS domains. Strikingly, two TcPR-1s (TcPR-1f and TcPR-1g) contain extensions in the C-
terminal portion that are similar to a serine/threonine kinase domain (S-TKc; InterPro IPR000719;
Figure 1A). Both TcPR-1f and TcPR-1g contain a stretch of 23 hydrophobic amino acids that form a
membrane-spanning helix between the SCP/TAPS and S-TKc domains, strongly suggesting that
these proteins are anchored in a cell membrane (Figure 1A). To determine the cellular localization
of these proteins, we performed an in silico analysis using the PSORT program (Nakai and Horton,
1999). As expected, these two proteins localized to the plasma membrane. Such protein
architecture (i.e., an extracellular region, a hydrophobic stretch, and a kinase domain) is

characteristic of receptor-like kinases (RLKs).

Table 1. : Characteristics of the thirteen PR-1 gene models found in T. cacao.

Putative protein size = Putative coding sequence size

TcPR-1 Gene ID* Chromosome

(aa) (bp)
TcPR-1a  CGD0027643 7 159 477
TcPR-1b  CGD0027642 7 156 468
TcPR-1c  CGD0027635 7 162 486
TcPR-1d CGD0027628 7 164 492
TcPR-1e  CGD0027640 7 165 495
TcPR-1f CGD0008870 2 619 1857
TcPR-1g  CGD0006833 10 582 1746
TcPR-1th  CGD0021343 5 173 519
TcPR-1i CGD0021746 5 236 708
TcPR-1j CGD0031974 9 185 555
TcPR-1k  CGD0013072 > 195 585
TcPR-1I CGD0000407 1 177 531
TcPR-1m  CGD0027644 7 159 477

* Gene IDs according to the Cacao Genome Database (v0.9 - http://www.cacaogenomedb.org)
** This gene model was mapped in a T. cacao supercontig (super_217) that was not assembled in any cacao
chromosome.
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RLKs are a large group of transmembrane receptors that perceive extracellular signals,
which are transduced via phosphorylation activation and lead to intracellular responses (Walker,
1994). RLKs are one of the largest gene families in plants. For instance, the Arabidopsis genome
encodes approximately 600 RLKs, whereas more than 1100 RLK genes are present in the rice
genome (Dardick et al., 2007; Gish and Clark, 2011; Morillo and Tax, 2006; Shiu and Bleecker,
2001; Shiu and Bleecker, 2003; Shiu et al., 2004). RLKs have been organized into different
structural classes, based on the identity of their extracellular domain and on phylogenetic
relationships of their kinase domain (Shiu and Bleecker, 2001). These receptors underwent
tremendous expansion and diversification, mostly in their extracellular domains, indicating the
necessity of variation in the extracellular binding domains for the recognition of a vast range of
ligands (Shiu and Bleecker, 2003; Lehti-Shiu et al., 2009), which can be brassinosteroids (Wang et
al., 2001), polysaccharides such as chitin (Miya et al., 2007), or peptides such as CLAVATA 3
(Trotochaud et al., 2000), flagellin (Gomez-Gomez and Boller, 2000; Zipfel et al., 2004) and the
bacterial elongation factor EF-Tu (Zipfel et al., 2006).

Many RLKs are involved in developmental processes in plants, such as floral organ
abscission (HAESA, Jinn et al., 2000) and reproduction (FERONIA; Escobar-Restrepo et al., 2007).
Other RLKs are part of the defensive arsenal against pathogens (Afzal et al., 2008; Greeff et al.,
2012; Torii et al., 2004). RLKs involved in plant immunity are so-called pattern-recognition
receptors (PRRs). They detect microbe or pathogen associated molecular patterns
(MAMPs/PAMPs) and, upon binding of their cognate ligands, set off defense responses (Boller and
Felix, 2009; Greeff et al., 2012; Monaghan and Zipfel, 2012). Some reports show that loss of
function of RLKs enhances susceptibility to pathogens (Chen et al., 2006; Wan et al., 2008; Zipfel
et al., 2004), attesting to their role as plant immune receptors. However, ligands have been
identified for only a few RLK-PRRs: FLS2 (Zipfel et al., 2004), Xa21 (Lee et al., 2009), EFR (Zipfel
et al., 2006), and CERK1 (Miya et al., 2009). Molecules such as chitin (Kaku et al., 2006) and

peptidoglycan (Liu et al., 2012; Willmann et al., 2011) were shown to interact with Receptor-like

- 157 -



proteins (RLPs), which are transmembrane receptors that lack a kinase domain (Wang et al.,
2008).

To confirm the protein models of cacao PR-1 RLKs (hereafter referred to as PR-1RK), we
designed oligonucleotides based on the sequences of the N- and C-terminals of TcPR-1f and
TcPR-1g and used as templates genomic DNA and cDNA isolated from plantlets of cv. Comum, an
Amazonic variety of the Forastero group of cacao (Vello and Garcia, 1971) that is very similar to the
Matina 1-6 cultivar (Soria, 1966). A comparison of the genomic and cDNA amplifications revealed
that TcPR-1RKs contain no introns spanning their coding sequences.

We examined the TcPR-1f and TcPR-1g protein sequences for features of serine threonine
kinases. The cytoplasmic region of both proteins contains the eleven kinase subdomains typical of
serine/threonine kinases described by Walker (1994), including the subdomain | (ATP-binding site;
consensus GXGXXG), and subdomains VIb (consensus DxKxxN) and VIII (consensus
GTxxYxXAPE), which potentially discriminate serine/threonine kinases from tyrosine kinases (Figure
1A). Thus, both proteins are candidate serine/threonine kinases. However, some plant RLKs that
were predicted to be Ser/Thr kinases (e.g. BAK1 and BRI1) have been shown to be dual-specificity
kinases (Oh et. al., 2010; Oh et. al., 2011). In this context, functional assays are necessary to
confirm the specificity of the cacao PR-1RK kinase domains.

In addition, both PR-1RKs can be classified as RD kinases, because they contain an
arginine (R) residue preceding the core catalytic aspartate (D) residue in subdomain VIb (Johnson
et al., 1996; Figure 1A). Although most kinases involved in microbial detection are non-RD kinases
(lacking the arginine residue before the catalytic aspartate), RD kinases such as ERECTA (Godiard
et al., 2003), WAKL22 (Diener et al., 2005), and especially BAK1 (Chinchilla et al., 2007; Heese et
al., 2007; Roux et al., 2011), have been found to contribute to pathogen resistance.

To investigate the origin of cacao PR-1RK proteins, we searched for RLKs in the Cacao
Genome Database (http://www.cacaogenomedb.org). For this, we used the InterProScan server to

identify cacao proteins containing a kinase domain (IPR000719) and one of the InterPro domains
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Figure 1. PR-1RK kinase domain signature and cacao RLKs phylogenetic tree. A - Domain organization
and protein kinase signatures of TcPR-1RK proteins. The signal peptide (SP) is indicated in brown; the
hydrophobic transmembrane region (TM) in gray; and SCP/TAPS (PR-1-like) and serine/threonine kinase
domains in blue and yellow, respectively. The eleven (I-XI) typical motifs of protein kinases are indicated
below the amino acids depicted in bold. B - Phylogenetic analysis of RLKs from cacao. The branches of the
phylogenetic tree are colored according to the identity of the extracellular domains of RLKs as predicted by
InterProScan software (left legend). The right panel depicts an expanded view of the legume lectin (LecRLKSs)
clade. The yellow box depicts PR-1RK proteins clustered together with LecRLKs. The tree was constructed
as a consensus of 10000 bootstrap replicates, using Neighbor-Joining and dist-P parameters. Bootstrap
values are shown in the tree. *PR01217 is a PRINTs database domain corresponding to the former InterPro
domain IPR002965, which was removed from the database.
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commonly found in the extracellular region of plant RLKs (Figure 1B). For example, CHRK
(Chitinase receptor kinases) receptors contain kinase (IPR000719) and glycoside hydrolase
(IPR0O17853) domains. Based on this analysis, we found that cacao has at least 480 putative RLKs.
We then extracted the kinase domain sequences of these proteins and aligned them using Clustal
Omega (Sievers et al., 2011). The weighing matrix used was BLOSUMG62 and the alignments
generated were manually adjusted following the subdomain signatures of eukaryotic kinases. Next,
we used MEGAS (Tamura et al., 2011) to generate a phylogenetic tree by means of the Neighbor-
Joining Method with 10000 bootstrap replicates (Figure 1B). Distance-p and complete deletion
parameters were applied. To classify the cacao sequences into RLK subfamilies, each tree leaf
node was annotated according to previous studies (Lehti-Shiu et al., 2009; Shiu and Bleecker,
2003). Curiously, no cacao protein was similar to the RLK containing a thaumatin extracellular
domain. TcPR-1f and TcPR-1g fit into the legume lectin (LecRLK) clade (Figure 1B), suggesting
that PR-1RKs arose from these receptor-like kinases.

We also inspected the position of PR-1RK genes in the genome of cacao Matina 1-6. TcPR-
1f is located on chromosome 2. By examining the genomic location of this gene, we identified four
C-Type LecRLKs in its vicinity; three downstream and one upstream of the gene (Figure 2A).
Interestingly, the LecRLK genes forming this cluster are phylogenetically close to PR-1RKs (Figure
1B). These LecRLKs share 65-70% sequence identity with both TcPR-1f and TcPR1-g (Figure 2A).
The genomic proximity of LecRLKs with a PR-1RK reinforces the notion that PR-1RKs may have
originated from these receptor-like kinases. TcPR-1g is located on chromosome 10. In contrast to
TcPR-1f, no RLKs were found close to this gene, which is surrounded by genes encoding an N-
acetylglucosaminidase and a LOB domain-containing protein.

We also verified the location of the eleven secreted PR-1 proteins in the cacao genome.
Five of these occur in a cluster on chromosome 7 (Table 1; Figure 2A). An alignment of the
SCP/TAPS domain of TcPR-1 proteins was used to construct a bootstrap consensus tree inferred

from 1000 replicates. This analysis indicated that TcPR-1f and TcPR-1g are part of a clade
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containing proteins of the PR-1 cluster on chromosome 7 (Figure 2B). The PR-1 domain of TcPR-1f
shares approximately 60-70% sequence identity with PR-1 genes positioned in tandem on
chromosome 7. This result suggests that genes similar to those forming the TcPR-1 cluster fused
with a kinase domain of a LecRLK, giving rise to PR-1RKs.

The formation of new chimeric proteins has been related to molecular mechanisms such as
exon shuffling, gene duplication, retrotransposition, or combinations of these (Jones et al., 2005;
Long et al., 2003; Nisole et al., 2004; Wang et al, 2006). Therefore, we searched for
retrotransposition marks in both LecRLK and PR-1 clusters, using RepeatMasker (Smit et al.,
unpublished data) and REPbase tools (Jurka, 1998). We identified a region of 770 bp that was
similar to the LTR Copia-like retrotransposon in the LecRLK cluster (Figure 2A). Additionally, we
detected a pair of inverted repeats that flanks the most upstream LecRLK in the cluster and a
tandem repeat region of approximately 3800 bp (Figure 2A). Curiously, the TcPR-1f PR-1 domain is
flanked by direct repeats, which have been associated with transposon insertion sites (Warren et
al., 1997). We did not find evidence of transposition events in the PR-1 cluster or close to TcPR-1g.
The presence of retrotransposition marks and repetitive elements around TcPR-1f suggests that
transposition mechanisms could be involved in the origin of PR-1RKs.

To evaluate whether other plant species contain proteins with domain architecture similar to
the cacao PR-1RKs, we conducted a search in the Entrez Protein Database using CDART (Geer et
al., 2002). Two proteins from the Oryza sativa Japonica group (EEE56976; NP_001172960) and
one from the Indica group (EAY85816) have a domain structure similar to that of PR-1RKs, but
contain two SCP/TAPS domains instead of one. Curiously, one protein from the legume barrel
medic (Medicago truncatula; XP_003608315) and one from the non-phototrophic predatory
bacterium Herpetosiphon aurantiacus (YP_001547555) contain an inverse arrangement of PR-1RK
domains, having an N-terminal kinase domain followed by a C-terminal SCP/TAPS domain.

To establish if fusions of rice and M. truncatula PR-1RKs also occurred between PR-1-like

proteins and LecRLKs, we performed Blast analyses using the kinase domains of these proteins.
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Figure 2. LecRLK and TcPR-1 clusters in the cacao genome and the proposed origin of PR-1RKs.

A - TcPR-1f is located in a cluster of LecRLKs on chromosome 2 of cacao. The TcPR-1f kinase domain
shares a high level of sequence identity with kinase domains of the LecRLKs located in this cluster (i.e.,
CGDO000890; green dashed line). On the other hand, the PR-1 domain of TcPR-1f shares a high level of
sequence identity with genes present in a PR-1 cluster on T. cacao chromosome 7 (i.e., TcPR-1c; blue
dashed line). The LecRLK cluster has signatures commonly associated with transposition events: black box -
long terminal repeat (LTR) of Copia-like retrotransposon; dark gray shading - repetitive regions with at least
300 copies in the cacao genome; dark green shading - sequencing gaps; red arrowheads - inverted repeats;
rose shading - tandem repeat region; lilac arrowheads: direct repeats flanking the SCP/TAPS (PR-1) domain
of TcPR-1f. B - Phylogenetic analysis of cacao PR-1 proteins. Members that form the PR-1 cluster are
depicted in bold. Notice the location of PR-1RKs (TcPR-1f and TcPR-1g; yellow box) in the clade of PR-1

cluster genes. The tree was constructed as a consensus of 5000 bootstrap replicates, using Neighbor-Joining
and dist-P parameters. Bootstrap values are shown in the tree.
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All hits from rice and M. truncatula PR-1RKs were similar to the CRR-RLK and LRR-RLK
subfamilies, respectively. The presence of PR-1RKs in rice with kinase domains similar to CRR-
RLKs was previously reported (Shiu et al., 2004). These results indicate that PR-1RKs originated
from independent events of fusion between PR-1 and kinase domains in different plant species,
representing a rare example of convergent evolution of domain architectures (Gough, 2005).

Based on evidence that both PR-1 proteins and RLKs are involved in plant defense
responses, we decided to evaluate the transcription of TcPR-1RK genes through RNA-seq data
derived from the witches’ broom disease (WBD) Transcriptome Atlas (Teixeira et al., unpublished
data). WBD, a severe phytopathological problem in the Americas, is caused by the hemibiotrophic
basidiomycete Moniliophthora perniciosa (Stahel) (Aime and Philips-Mora, 2005; Meinhardt et al.,
2008; Purdy and Schimdt, 1996). The infection experiments were performed using cacao seedlings
of the variety ‘Comum’ grown for approximately three months in a greenhouse under controlled
conditions of temperature (26°C) and humidity (>80%), and a photoperiod of 12 h. Apical meristems
of five plantlets were infected with 30 L of a M. perniciosa basidiospore suspension (10° spores
mL™"), according to Frias et al. (1995). Infected tissues were collected 30 days after inoculation,
representing the green broom stage of WBD. Green brooms are hyperplastic cacao stems
colonized by the biotrophic mycelia of M. perniciosa (Meinhardt et al., 2008). Five biological
replicates were utilized in this experiment and non-infected plants were used as controls. The
inspection of the RNA-seq data revealed that TcPR-1g is up-regulated in infected plants (p<0.001),
whereas TcPR-1f is only expressed at low levels in the conditions analyzed (Figure 3). The up-
regulation of TcPR-1g expression during the green broom stage may indicate a role for this novel
receptor in defense responses against pathogens. The TcPR-1g expression profile fits the
‘Receptor Swarm Hypothesis’ (Lehti-Shiu et al., 2009), which posits that the expression of RLKs
increases after pathogen perception in compatible interactions.

It seems reasonable to speculate that the extracellular domain of PR-1RKs binds to the

same ligands as secreted PR-1s. However, the precise function and identity of these putative
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ligands of plant PR-1 proteins remain elusive. Because PR-1s seem to play fundamental roles in
plant immunity, pathogens may have evolved effector proteins to interfere with PR-1 activity.
Indeed, it was recently shown that a candidate effector from the powdery mildew fungus Blumeria
graminis interacts with a PR-1 protein from barley (Zhang et al., 2012). In this regard, we
hypothesize that RLKs with a PR-1 extracellular domain may interact with putative ligands of
secreted PR-1 proteins, which would trigger a defense response. The identification of PR-1RK
ligands and the downstream signals transduced upon the activation of PR-1RKs will illuminate their

mechanisms of action and provide clues about the roles of PR-1 proteins in plant immunity.
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Figure 3. Gene expression analysis of cacao PR-1RK during the biotrophic stage of witches’ broom
disease. The TcPR-1g gene is up-regulated in infected plants, whereas no significant expression was
detected for TcPR-1f. Data were obtained by RNA-seq sequencing of five replicates for each condition
(healthy control and infected plants). Gene expression values are given in reads per kilobase of exon model
per million mapped reads (RPKM).
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APRESENTAGAO

Este trabalho descreve o uso de vias respiratérias distintas nos dois estagios miceliares de
Moniliophthora perniciosa. Durante seu estagio biotrofico, o patdégeno utiliza uma via alternativa de
respiragado, a qual é mediada pela enzima oxidase alternativa (AOX). Apesar de fornecer menor
quantidade de energia, esta via respiratéria € resistente a moléculas de defesa produzidas pela
planta que atuam na cadeia respiratéria principal do fungo. Em seu estagio necrotréfico, o
patégeno passa a utilizar majoritariamente a via respiratéria principal, obtendo uma maior
quantidade de energia, capaz de suportar seu desenvolvimento e colonizagdo dos tecidos mortos
do hospedeiro. Fruto principal do doutorado da Dr. Daniela Thomazella (Processo FAPESP
2006/50794-0), o trabalho contribuiu sobremaneira para o entendimento do processo de transi¢cao
da fase biotrofica para a necrotréfica em M. perniciosa, um fendmeno central, mas pouco
compreendido no desenvolvimento de fungos hemibiotroficos. Além da importante contribuicdo
cientifica, este trabalho resultou em uma grande conquista na area tecnoldgica: uma potencial
composigao fungicida baseada na combinacdo de um inibidor da cadeia respiratéria principal e da
AOX para controle da doenga vassoura de bruxa e possivelmente de outras doencas tropicais.
Com base em nossos resultados, um pedido de patente foi depositado no INPI
(BR1020120246724). Como consequéncia da sua relevancia, o estudo foi divulgado pelos jornais
Folha de S&o Paulo (28/03/2012), O Estado de S&o Paulo (22/05/2012), O Globo (23/05/2012),
Valor Econdmico (24/07/2012), pelas revistas Exame (22/05/2012) e Agéncia FAPESP
(22/05/2012) e pelo renomado jornal internacional Financial Times (23/05/2012). As descobertas
deste trabalho tém servido de base para uma série de novas pesquisas coordenadas por nosso
grupo, que incluem a resolu¢do da estrutura tridimensional da AOX, a sintese de moléculas mais
estaveis e eficientes para inibicdo desta enzima e a verificacao da efetividade das combinacoes

fungicidas contra outros patégenos de interesse para a agricultura brasileira.
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Summary

e The tropical pathogen Moniliophthora perniciosa causes witches' broom disease in cacao.
As a hemibiotrophic fungus, it initially colonizes the living host tissues (biotrophic phase), and
later grows over the dead plant (necrotrophic phase). Little is known about the mechanisms
that promote these distinct fungal phases or mediate the transition between them.

e An alternative oxidase gene (Mp-aox) was identified in the M. perniciosa genome and its
expression was analyzed througout the fungal life cycle. In addition, the effects of inhibitors
of the cytochrome-dependent respiratory chain (CRC) and alternative oxidase (AOX) were
evaluated on the in vitro development of M. perniciosa.

e Larger numbers of Mp-aox transcripts were observed in the biotrophic hyphae, which
accordingly showed elevated sensitivity to AOX inhibitors. More importantly, the inhibition of
CRC prevented the transition from the biotrophic to the necrotrophic phase, and the
combined use of a CRC and AOX inhibitor completely halted fungal growth.

e On the basis of these results, a novel mechanism is presented in which AOX plays a role in
the biotrophic development of M. perniciosa and regulates the transition to its necrotrophic
stage. Strikingly, this model correlates well with the infection strategy of animal pathogens,

particularly Trypanosoma brucei, which uses AOX as a strategy for pathogenicity.

Introduction

Fungal plant pathogens have traditionally been classified on the
basis of their feeding mechanism into biotrophic, necrotrophic
and hemibiotrophic pathogens. Biotrophs are defined by a depen-
dence on the host to complete their life cycle; they derive nutri-
ents from living host cells by forming specialized infection
structures, such as haustoria. By contrast, necrotrophs kill the
plant and derive nutrients from the dead host cells. In some
pathosystems, the pathogen inidally keeps cells alive (biotrophic
phase), but then kills them at later stages of infection (necrotroph-
ic phase), which characterizes the hemibiotrophic lifestyle
(Glazebrook, 2005). Despite being a critical step for the success of
most hemibiotrophic infections, the biotrophic phase is, in gen-
eral, transient and asymptomatic, whereas the necrotrophic phase
causes the main disease symptoms in the plant (Munch ez 4/,
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2008). The factors responsible for triggering the switch from bio-
trophy to necrotrophy in hemibiotrophic fungi are still poorly
understood, but may depend on key alterations in the pathogen’s
metabolic status (Dufresne ez al., 2000; Pellier ez al., 2003).
Some of the world’s most devastating phytopathogens display
a hemibiotrophic lifestyle. For instance, the hemibiotrophic asco-
mycete Magnaporthe oryzae, which causes the rice blast disease,
has emerged as a model for the study of phytopathogenic fungi
because of its experimental tractability and economic importance
(Dean et al., 2005; Wilson & Talbot, 2009). This pathogen
initially colonizes host tissues as a biotroph, without causing detect-
able symptoms. Approximately 72-96 h after infection, lesions
become apparent in the plant, characterizing the necrotrophic
growth of M. oryzae. No morphological differences appear to
exist between these two developmental stages (biotrophic and
necrotrophic) in M. oryzae (Berruyer et al., 2006). Similarly, the
hemibiotrophic lifestyle described for many Colletotrichum,
Fusarium and Phytophthora species combines an initial short and
asymptomatic period of biotrophic growth that is followed by a
destructive necrotrophic phase during which symptoms develop.

New Phytologist (2012) 194: 1025-1034 1025
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The basidiomycete Moniliophthora  perniciosa  (formerly
Crinipellis perniciosa) causes one of the most devastating diseases
of cacao (Theobroma cacao), namely witches’ broom disease
(WBD). The M. perniciosa—cacao interaction is classified as
hemibiotrophic (Purdy & Schmidt, 1996); however, it has
certain peculiar features that make its study of prime importance
in the field of plant pathology. In contrast with other well-
documented hemibiotrophic infections, the biotrophic and
necrotrophic phases of M. perniciosa are morphologically distinct:
the first phase is monokaryotic and the second phase is dikaryotic
with clamp connections for nuclear transfer (Meinhardt ez al,
2008). Moreover, the biotrophic stage is unusually extended,
lasting for 2-3 months in infected tissue. In this stage of WBD,
only a few fungal cells are detected; however, drastic biochemical
and morphological alterations are observed in the plant, such as
the formation of modified stems, termed ‘green brooms’
(Scarpari et al., 2005). By contrast, necrotrophic growth occurs
only during the final stages of infection, when the fungus rapidly
colonizes the dead plant tissue, which is called ‘dry broom’, and
produces the fruiting bodies (basidiomata) for reproduction
(Purdy & Schmidt, 1996).

In M. perniciosa, the factors involved in the switch from bio-
trophy to necrotrophy seem to be dependent on the availability
of soluble nutrients and specific carbon sources (Meinhardt et al.,
2006). Attempts to obtain the monokaryotic (biotrophic) myce-
lium under ex planta conditions were initially limited by the
rapid transition of this primary fungal stage to the dikaryotic
(necrotrophic) phase. The first report of the successful mainte-
nance of the M. perniciosa monokaryotic phase under laboratory
conditions was in a study of a dual culture of basidiospores
with potato callus (Griffith & Hedger, 1994). More recently,
the development of a medium with glycerol as the sole carbon
source allowed for the extended growth of a biotrophic-like
(monokaryotic) mycelium under axenic conditions. However,
this mycelial stage is still considerably unstable when grown in
culture media (Meinhardt ez 4/, 2006).

In general, laboratory cultivation of the biotrophic stage of
fungal species is an uncommon and notable achievement in phy-
topathology. The vast majority of biotrophic pathogens (Puccinia
spp., Melampsora spp., Blumeria graminis) are not cultivable
outside of their hosts (Spanu & Kamper, 2010). A counter-
example is the maize pathogen Ustilago maydis, a well-known
cultivable biotroph with a dimorphic lifestyle. In contrast with
M. perniciosa, the monokaryotic form of U. maydis is nonpatho-
genic and is followed by a dikaryotic parasitic form. Moreover,
its monokaryotic phase occurs as yeast-like cells that saprotrophi-
cally colonize soil and dead organic matter. In the laboratory, this
saprotrophic stage is easily cultivated under axenic conditions
and, as in M. perniciosa, the ex planta culture of the biotrophic
hyphae of U. maydis is only obtained under specific growth con-
ditions (Day & Anagnostakis, 1971).

Analysis of the M. perniciosa genome (Mondego ez al., 2008)
led to the identification of a gene coding for a mitochondrial
alternative oxidase (AOX). This protein is a ubiquinol oxidase
that catalyzes the reduction of molecular oxygen to water (Elthon
& Mclntosh, 1987). It constitutes an alternative respiratory
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pathway to the ‘conventional’ and universally conserved cyto-
chrome-dependent respiratory chain (CRC), which involves
respiratory complexes III and IV. In contrast with cytochrome ¢
oxidase (complex IV), electron transfer through AOX does not
involve phosphorylation, and the redox energy is released as heat
instead of being used for ATP production (Van Aken er al,
2009). Consequently, the use of the alternative pathway results in
only one coupling site for oxidative phosphorylation (complex I),
and energy production, based on the amount of ATP, is approxi-
mately one-third of that generated by the CRC pathway (Siedow
& Umbach, 2000).

AOX occurs in all plants, as well as in certain fungi, protists,
bacteria and animals (Elthon & Mclntosh, 1987; Joseph-Horne
et al., 2001; Stenmark & Nordlund, 2003; Chaudhuri ez 4/,
2006; McDonald et al., 2009). Although broadly conserved, the
precise role of this enzyme has only been well characterized in
thermogenic plants, such as those of the family Araceae. During
the reproductive process of these plants, AOX is a central enzyme
and generates heat to volatilize amines and attract pollinators
(Wagner ez al., 2008). For all other organisms, the function of
this alternative respiratory route has been the subject of much
debate. The most accepted role assigned to this enzyme is its
participation in the stress response associated with CRC restric-
tion, which can be provoked by complex III and IV inhibitors,
such as antimycin-A, carbon monoxide, cyanide and nitric oxide
(NO). In the presence of these compounds, AOX bypasses com-
plexes III and IV and acts as an overflow valve for electron trans-
port, thus preventing the deleterious oxidative stress associated
with the increased generation of mitochondrial reactive oxygen
species  (ROS)  (Maxwell ez al, 1999; Ruy eral, 20006;
Vanlerberghe ez al., 2009).

NO is an important component of the immune response in ani-
mals and plants. Apart from its role as a plant signaling molecule,
it acts as a potent inhibitor of the pathogen CRC pathway (com-
plex IV), leading to the generation of deleterious oxidative stress
(Brown, 1999). Studies with the animal pathogens Histoplasma
capsulatum, Trypanosoma brucei, Aspergillus fumigatus, Paracocci-
divides brasiliensis and Cryptococcus neoformans have proposed that
AOX mitigates the oxidative and/or nitrosative stress induced by
the oxidative burst and NO generation during host infection
(Akhter et al, 2003; Nittler et 2/, 2005; Chaudhuri et 4/, 2006;
Magnani er al., 2008; Hernandez er al., 2011). Based on these
studies, AOX has also been proposed to be a resistance mechanism
of phytopathogens to evade plant defenses and successfully com-
plete the infection process (Joseph-Horne ez al., 2001; Albury
et al., 2009). However, this hypothesis has not been confirmed.

In this study, we present strong evidence for a biological role
of AOX in the life cycle of a plant pathogen. The M. perniciosa
aox gene was characterized, and a clear correlation between the
hemibiotrophic lifestyle of this fungus and the functionality of
the mitochondrial respiratory routes was observed. In addition,
this work suggests that AOX may enable respiration to continue
during the first stages of WBD, when the pathogen needs to
survive in a hostile environment established by the host defense
system (e.g. NO burst). Finally, we show that the inhibition of
CRC maintained the fungus in its monokaryotic stage, which

© 2012 The Authors
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may be sustained by AOX-dependent respiration. These data
indicate that mitochondrial respiratory pathways and cellular
energetic status may play a role in the phase transition and
development of phytopathogens.

Materials and Methods

Biological material

The experiments were performed using the Moniliophthora
perniciosa (Stahel) Aime & Phillips-Mora, (2005) strain FA553
(Mondego et al., 2008). The necrotrophic mycelium was used to
produce basidiomata and basidiospores, as described by Griffich
& Hedger (1993), with modifications introduced by Niella ez /.
(1999). The monokaryotic (biotrophic-like) mycelium was
obtained from basidiospores germinated in a defined medium
developed by Meinhardt ez al. (2006). Transfer of the biotrophic-
like mycelium to the nutrient-rich medium MYEA (Malt Yeast
Extract Agar) (20 g 17" malt extract, 5 g ! yeast extract and 20
g 17" agar) induced the transition to the necrotrophic phase. Cul-
tures were maintained at 28°C with agitation of 120 rpm when
cultured in liquid media.

Theobroma cacao L. variety ‘comum’ (Catongo type) was used
for infections. Plants were grown for ¢. 3 months in a glasshouse
under controlled temperature (26°C) and humidity (> 80%) and
a photoperiod of 12 h. Active apical meristems were inoculated
with 30 pl of a basidiospore suspension (10° spores ml™"),
followed by incubation in a humid chamber for 24 h (Frias
et al., 1995).

Mitochondrial isolation and measurement of oxygen
consumption

AOX activity was evaluated by measuring the oxygen consump-
tion profile of mitochondria isolated from necrotrophic hyphae,
the mycelial stage from which a sufficient amount of organelles
can be extracted. Mitochondria isolation was conducted according
to the protocol described by Gredilla ez 2/ (20006). Protein
concentration was determined using the Bradford method with
BSA as a standard (Bradford, 1976). Oxygen consumption was
determined at 27°C using a Clark-type electrode connected to an
Oxygraph unit (Hansatech, King’s Lynn, Norfolk, UK). Aliquots
of purified mitochondria were added to the closed reaction cham-
ber containing 1 ml of the standard respiration buffer (300 mM
sucrose, 10 mM KH,POy4, 5 mM MgCl,, 1 mM EDTA, 10
mM KCl, 0.1% BSA; pH 7.2). Mitochondria were energized
with 10 mM glutamate/malate, followed by the addition of 1
mM ADP. AOX activity was measured in the presence of the
CRC inhibitor antimycin-A (10 uM), as the oxygen consump-
tion inhibited by 100 pM 7-propyl gallate.

Immunodetection of M. perniciosa AOX

Purified mitochondria from M. perniciosa, rat (negative control)
and Arabidopsis thaliana (positive control) were resuspended in
1 X Laemmli buffer (5% B-mercaptoethanol, 3.7% glycerol,

© 2012 The Authors
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1.1% sodium dodecylsulfate (SDS), 23 mM Tris-HCI pH 6.8,
0.01% bromophenol blue) and heated at 95°C for 5 min. Mito-
chondrial proteins (12.5 pg) were separated by sodium dodecyl-
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene difluoride (PVDF) membrane
using standard protocols. The membrane was blocked with 5%
nonfat milk in TBST (1 X Tris-buffered saline, 0.1% Tween 20)
for 1 h and then incubated with a 1: 100 dilution of the
anti-AOX monoclonal antibody (AOA) (Elthon ez al., 1989) in
TBST for 16 h. Later, the membrane was incubated with a 1 :
10 000 dilution of the secondary anti-mouse IgG antibody
in TBST for 1 h. The signal was detected using the ECL
(GE Healthcare, Little Chalfont,
Buckinghamshire, UK) on autoradiography film for 5 min. Sub-

Plus Detection System

unit 3 of the cytochrome ¢ oxidase complex (COX3) was used as
endogenous control to demonstrate homogeneity in protein load-
ing of the M. perniciosa mitochondrial samples. Three micro-
COX3
(Invitrogen) were used in the immunoblotting, according to the
same procedures as described for the AOA.

grams per milliliter of the anti-yeast antibody

Gene expression assays

The effects of azoxystrobin (75 pM - Syngenta, Basel,
Switzerland) and of the NO donor 1-hydroxy-2-oxo-3-(3-amino-
propyl)-3-isopropyl-1-triazene (NOC-5; 400 uM — Sigma) on
Mp-aox gene expression were evaluated by quantitative PCR
(qPCR). To this end, necrotrophic hyphae were grown in liquid
cultures (2 g 17" malt extract, 5 g 17! yeast extract and 50 ml 17!
glycerol) at 28°C and with agitation of 120 rpm. Seven days later,
cultures were independently treated with the different compounds
for 4 h and then harvested for RNA extraction. For the analysis of
Mp-aox gene expression along the M. perniciosa life cycle, the dif-
ferent fungal stages were obtained as described in the ‘Biological
material’ section above. To avoid variations in gene expression
associated with different growth conditions, biotrophic and necro-
trophic hyphae were grown in the biotrophic-maintaining
medium. After 7 d of growth, both mycelia were collected to
perform the qPCR assays.

Isolation of total RNA from fungal cells was performed using
the Plant RNeasy Minikit (Qiagen), and its concentration
and quality were assessed with a NanoDrop ND-1000
spectrophotometer (Wilmington, DE, USA). RNA integrity was
evaluated on 1% formaldehyde-agarose gel. Synthesis of cDNA
was performed with the Superscript II Reverse Transcriptase kit
(Invitrogen) using 1 pg of DNAse I-treated total RNA. The
housekeeping gene B-actin and the aox gene were amplified with
the gene-specific primer pairs ACTRTF (5"-CCCTTCTATCGT-
CGGTCGT-3) and ACTRTR (5-AGGATACCACGCTTGG-
ATTG-3"), and AOXRTF (5-GACGTGCCTTTCGGATAGA-
G-3') and AOXRTR (5-CTTGCCAGGAGGAATGGTT-3),
respectively. All qPCRs were performed in a 16-pl mixture con-
taining 1/16 volume of the cDNA preparation, 1/2 volume of
SYBR Green Master Mix (Applied Biosystems, Foster City, CA,
USA) and 0.2 pM of each primer. Real-time quantifications were
executed using the StepOnePlus system (Applied Biosystems)
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and the following cycles: 2 min at 50°C, 10 min at 95°C and 40
cycles of 15 s at 95°C, 30 s at 53°C and 60 s at 60°C. Dissocia-
tion curves were performed to verify the formation of primer
dimers and nonspecific amplifications. Data analysis was com-
pleted using the mathematical method proposed by Livak &
Schmitegen (2001).

RNA-seq libraries produced as part of the WBD Transcrip-
tome Atlas (P. J. Teixeira, unpublished) were inspected for the
expression of the Mp-aox gene during the 7z planta development
of M. perniciosa in green brooms and dry brooms.

Fluorometric measurement of NO in cacao plants

Apical meristems of healthy plantlets and infected cacao seedlings
at the green broom stage were collected to evaluate NO
generation using the fluorescent indicator 4,5-diaminofluorescein
(DAF-2) (Seligman ez al., 2008). Approximately 80 mg of each
sample were incubated in 0.1 M phosphate buffer (pH 7.2) con-
taining 25 pM DAF-2 for 1 h under dark conditions at room
temperature. After removing the tissue and diluting the resulting
solution 2.5-fold, fluorescence emission spectra between 500 and
550 nm were recorded with an excitation of 495 nm using a
Hitachi F-2500 spectrofluorometer (Hitachi, Chiyoda, Tokyo,
Japan). Data were collected from triplicate samples, and fluores-
cence was expressed in arbitrary fluorescence units.

Inhibition of mycelial growth assay

The effects of CRC and AOX inhibitors on the growth of
M. perniciosa in the biotrophic and necrotrophic phases were
tested ex planta. Azoxystrobin (2.5 pPM — Syngenta) was used as a
CRC inhibitor (Affourtit ez al., 2000) and salicylhydroxamic acid
(SHAM; 5 mM — Sigma) as an inhibitor of the alternative path-
way (Tanton er al., 2003). These drugs were added individually or
simultaneously to the MYEA standard growth medium. The
importance of each mitochondrial pathway (CRC and alternative)
was assessed by evaluating the effects of these respiratory inhibitors
on the growth of the biotrophic and necrotrophic mycelia. To
obtain the biotrophic-like hyphae, we germinated M. perniciosa
basidiospores in the biotrophic-maintaining medium described by
Meinhardt ez al. (2006). After ¢. 7 d of growth, we transferred the
biotrophic mycelium to MYEA medium containing the different
inhibitors. The necrotrophic mycelium is highly stable and easily
maintained under standard laboratory conditions. Therefore, this
fungal stage was directly inoculated in MYEA medium with inhib-
itors, without the need to preculture in a specific medium. To
further confirm the effects of SHAM on M. perniciosa develop-
ment, a second AOX inhibitor (7-propyl gallate) was also tested.

Results
Mp-aox gene expression, protein production and AOX
activity are coordinately regulated in M. perniciosa

The aox gene in M. perniciosa (Mp-aox — GenBank accession
number JF826501) is a single-copy gene of 1616 nucleotides and
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comprises ten exons and nine introns. Mp-aox encodes a protein
of 378 amino acids that has the conserved motifs described for
other plant and fungal AOXs (Vanlerberghe & McIntosh, 1997;
Tanton et al., 2003; Albury et al, 2009; McDonald, 2009).
Moreover, no significant differences were found between the
primary structure of M. perniciosa AOX (Mp-AOX) and those
described in other fungi (data not shown).

Gene expression and western blot analyses showed that treat-
ment of the M. perniciosa necrotrophic mycelium with the CRC
inhibitor azoxystrobin induces Mp-aox transcription (Fig. 1a)
and increases Mp-AOX protein levels (Fig. 1b), as observed in
other plant and fungal species (Minagawa ez al., 1992; Sakajo
et al., 1993; Vanlerberghe & Mclntosh, 1994; Yukioka ez 4l.,
1998). In agreement, oxygen consumption by isolated mitochon-
dria of the azoxystrobin-treated mycelium was moderately
affected by antimycin-A (CRC inhibitor) and highly sensitive to
n-propyl gallate (AOX inhibitor) (Fig. 1¢). Conversely, the addi-
tion of antimycin-A to mitochondrial preparations of nontreated
control cells was sufficient to inhibit oxygen consumption
(Fig. 1¢), showing that the M. perniciosa AOX is functional and
activated under specific conditions (e.g. CRC inhibition). More-
over, these data suggest that the enzyme is coordinately regulated
at gene expression, protein production and activity levels.

Mp-aox expression is up-regulated in M. perniciosa during
the biotrophic phase

We evaluated the ex planta expression profile of the Mp-aox gene
to identify specific conditions during the development of
M. perniciosa in which Mp-aox is activated. As shown in Fig. 2(a),
gene expression was not significantly different among basidio-
spores, necrotrophic mycelium and mushrooms (basidiomata).
However, a larger amount of aox transcripts was verified in the
monokaryotic biotrophic-like mycelium when compared with
other fungal stages (Fig. 2a). In accordance, measurement of the
respiratory rates of these different life stages demonstrated that the
biotrophic-like mycelium was the sole fungal stage affected by the
AOX inhibitor #-propyl gallate (Supporting Information Fig. S1,
Methods S1). Finally, supporting these results, inspection of the
RNA-seq database (P. J. Teixeira, unpublished) demonstrated that
the M. perniciosa aox gene is over-expressed in green brooms,
when compared with dry brooms, showing a direct correlation
between the ex planta and in planta analyses (Fig. 2b).

Evaluation of NO generation during the green broom stage
of WBD

At ¢ 15 d after inoculation of basidiospores in cacao seedlings,
the first symptoms of WBD were observed in the infected plants.
Mature green brooms at 22 d post-inoculation were used to
evaluate NO generation using the DAF-2 method. Increased
amounts of NO were detected in mature green brooms in
comparison with healthy, noninoculated plants of the same age
(Fig. 3a).

Given that Mp-aox expression is elevated in the biotrophic
hyphae, we used the necrotrophic mycelium to determine
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Fig. 1 Mp-aox gene expression, protein production and alternative oxidase (AOX) activity are well correlated in Moniliophthora perniciosa. (a) Relative
expression levels of the Mp-aox gene in azoxystrobin-treated vs nontreated cells of the necrotrophic hyphae analyzed by quantitative PCR assays. The
B-actin gene was used as an endogenous control (Student's t-test: *, P < 0.01; Error bars represent standard deviation —SD). (b) Immunoblotting assay

showing the presence of the Mp-AOX protein in mitochondria isolated from azoxystrobin-treated mycelium of M. perniciosa. No signal was detected in
mitochondria of nontreated hyphae. The subunit 3 of the cytochrome c oxidase complex (COX3) was used as endogenous control. Rat and Arabidopsis
thaliana mitochondria were used as negative and positive controls, respectively. (c) Oxygen consumption by purified mitochondria from the necrotrophic
mycelium of M. perniciosa. Mitochondrial suspensions were added to the oxygraph chamber containing the reaction medium and were energized with 10

mM malate/glutamate and 1 mM ADP. AOX activity was assessed in the presence of antimycin-A (10 pM), as the remaining respiration inhibited by
n-propyl gallate (100 pM). Mitochondrial oxygen consumption of nontreated hyphae showed high sensitivity to antimycin-A, but was unaffected by
n-propyl gallate. In contrast, mitochondrial oxygen consumption of azoxystrobin-treated cells was poorly affected by antimycin-A, but greatly inhibited by

n-propyl gallate. The numbers in parentheses represent the oxygen consumption rates in nmol min~

" mg~" protein. In all of these assays, azoxystrob-

in-treated cells were incubated with 75 uM azoxystrobin for 4 h. Control refers to nontreated mycelium.

whether this gene is responsive to the radical NO. Following
treatment with the NO donor NOC-5, a fourfold induction
of Mp-aox expression was observed (Fig. 3b). Similar to azoxy-
strobin, NO potentially inhibits the CRC pathway (Brown,
1999), and Mp-aox induction may be a consequence of this
process.

Effects of respiratory inhibitors on the development of the
biotrophic-like and necrotrophic mycelia in M. perniciosa

Because gene-specific mutants of M. perniciosa are unavailable,
we employed specific inhibitors of the cytochrome and alternative
routes of electron transfer to confirm the role of AOX in the
metabolism/development of M. perniciosa. Azoxystrobin and
SHAM were used to inhibit the CRC and alternative pathways,
respectively. These drugs were added individually as well as
simultaneously to growth medium, subsequently inoculated with
either the biotrophic-like or necrotrophic mycelium (Fig. 4).
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As reported previously (Meinhardt ez al., 2006), inoculation of
the biotrophic-like mycelium in standard growth medium caused
biotrophic-like hyphae to switch to the necrotrophic phase
(Fig. 4a, top panel, Fig. 4b). Analysis of mycelial morphology
showed that the switch started between 24 and 48 h after inocu-
lation and, within 5 d, monokaryotic hyphae were no longer
observed. Remarkably, in the presence of azoxystrobin (Fig. 4a,
top panel, Fig. 4b), the fungus was able to grow for an extended
time as a monokaryotic mycelium (c. 30 d), suggesting that
CRC inhibition, which results in a low energetic status and
possibly high AOX respiration, may favor biotrophic develop-
ment. Furthermore, in the presence of SHAM (Fig. 4a, top
panel), biotrophic growth was completely halted, reinforcing
the idea that the alternative respiratory route is the primary
mitochondrial pathway during this mycelial stage. In addition,
we used another AOX inhibitor (7-propyl gallate) to further
confirm the effects of AOX inhibition on fungal development.
As expected, the biotrophic mycelium showed a higher
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developmental stage of M. perniciosa — basidiospores,
biotrophic-like (monokaryotic) mycelium, necrotrophic
(dikaryotic) mycelium and basidiomata — as analyzed by
quantitative PCR. B-actin gene expression was used as an
endogenous control (Student's ¢-test: *, P < 0.01).
Representative drawings of each of the life cycle stages
are shown. (b) In planta expression of Mp-aox was
assessed after inspection of the witches' broom disease
(WBD) RNA-seq Transcriptome Atlas (P. J. Teixeira,
unpublished). Gene expression values are expressed in
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sensitivity to this inhibitor in comparison with the necro-
trophic mycelium (Fig. S2).

The necrotrophic mycelium developed in the presence of both
respiratory inhibitors — azoxystrobin and SHAM — at the concen-
trations tested (Fig. 4a, bottom panel). Only when azoxystrobin
was combined with the AOX inhibitor SHAM did necrotrophic
mycelium development stop completely (Fig. 4a, bottom panel).
Therefore, these data indicate that an interplay between the two
respiratory pathways (CRC and alternative routes) may exist
during this second fungal stage, as confirmed by the results
presented in Fig. 1.

Discussion

Moniliophthora perniciosa displays a hemibiotrophic lifestyle with
a peculiar mode of nutrition: after initial penetration, it grows for
¢. 60-90 d as a biotroph in the intercellular spaces of the plant —
a period of drastic morphological and physiological alterations of
the infected tissues (Scarpari e al, 2005). The necrotrophic
mycelium appears only during the final stages of the disease, colo-
nizing the dead plant tissues (Meinhardt ez a/., 2008). The switch
between these two growth phases is associated with remarkable
morphological, genetic and physiological changes in the hyphae
(Meinhardt et al, 2006; Rincones et al, 2008). This study
demonstrated that these two life strategies (biotrophic and
necrotrophic) use different electron transfer pathways for cell
respiration. Although the necrotrophic phase mainly depends on
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18 RPKM (reads per kilobase of exon per million mapped
reads).

the CRC pathway with an inducible alternative respiration, the
biotrophic stage primarily relies on the activity of an alternative
respiratory pathway.

Activation of the mitochondrial alternative pathway is associ-
ated with a considerable reduction in cell energy production
(Elthon & Mclntosh, 1987). For this reason, the up-regulation
of Mp-aox gene expression (Fig. 2a) may explain the slow growth
observed during biotrophic development (Meinhardt e al,
2006). Previous work by Affourtit ez a/. (1999) demonstrated
that functional expression of the plant zox gene in the yeast
Schizosaccharomyces pombe, which naturally lacks the alternative
pathway, significantly reduces total biomass and growth rate, a
phenotype that resembles the biotrophic phase in M. perniciosa
(Meinhardt ez al., 2006, 2008). Moreover, in agreement with the
dependence of the biotrophic hyphae on AOX respiration, we
verified that SHAM and #-propyl gallate completely halted
biotrophic development, suggesting that AOX inhibition may
represent an effective strategy for stalling the progression of WBD
during its early stages (Figs 4, S2). A similar strategy has been
successfully employed to control sleeping sickness caused by the
protozoan 7. brucei. The infective phase (bloodstream form) of
T. brucei greatly depends on the activity of the alternative route,
and treatment with AOX inhibitors (SHAM/ascofuranone)
results in trypanocidal effects (Chaudhuri e 4/, 2006).

The increased expression of the Mp-aox gene (Fig. 2a) and the
greater activity of M. perniciosa AOX (Fig. S1, Methods S1) in
the biotrophic-like mycelium suggest that the enzyme may play a
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Fig. 3 Participation of nitric oxide (NO) in the Moniliophthora
perniciosa—cacao interaction. (a) Measurement of NO generation by
healthy (control) and infected cacao seedlings using the 4,5-diaminofluo-
rescein (DAF-2) fluorimetric method. NO fluorescence of the meristems
from each individual plant is shown. The emission at 515 nm corresponds
to the maximum fluorescence emitted by DAF-2T, a fluorescent product
directly related to the amount of NO in the medium. IP, infected plants;
HP, healthy plants; B, blank, which corresponds to the DAF-2 fluorophore
diluted in phosphate buffer (0.1 M, pH 7.2) in the absence of tissues. (b)
Quantitative PCR assays were performed to evaluate the relative
expression of Mp-aox in response to the treatment of the necrotrophic
hyphae with the NO donor 1-hydroxy-2-oxo-3-(3-aminopropyl)-3-
isopropyl-1-triazene (NOC-5) (400 puM) for 4 h (Student's t-test:

*, P <0.01).

role during this specific fungal stage. Accordingly, inspection of
the WBD Transcriptome Atas (P. J. Teixeira, unpublished)
showed that this gene is up-regulated during the green broom
stage of WBD (wherein the fungus grows biotrophically) when
compared with the dry broom stage (which is colonized by the
necrotrophic hyphae) (Fig. 2b). Despite having a negative effect
on the fungal growth rate, AOX may be associated with the
detoxification of mitochondrial ROS generated during the initial
stages of infection (Scarpari et al, 2005; Ceita et al., 2007;
Rincones et al., 2008).

In general, plants produce large amounts of NO in response to
biotrophic and hemibiotrophic pathogen infection (Delledonne
et al., 1998). In addition to activating defense signaling pathways
of the plant, NO can inhibit fungal cells directly by disrupting
the mitochondrial complex IV, which increases ROS production,
causing oxidative and nitrosative stresses (Brown & Borutaite,
2002; Romero-Puertas et al, 2004). Moreover, the NO

© 2012 The Authors
New Phytologist © 2012 New Phytologist Trust

-183 -

Research 1031

superoxide derivative peroxynitrite causes damage to a variety of
mitochondrial components through oxidizing reactions, leading
to the irreversible inhibition of mitochondrial respiration
(Brown, 1999; Brown & Borutaite, 2002). In this study, we
observed elevated amounts of NO in infected seedlings compared
with the levels found in healthy cacao plants (Fig. 3a). Therefore,
we speculate that the ability of the biotrophic mycelium to sur-
vive in cacao tissues may strongly depend on mechanisms that
circumvent NO-induced CRC impairment. In this regard, AOX
may provide M. perniciosa with protection against the harmful
effects of NO and its derivatives on the mitochondrial respiratory
chain. In support of this hypothesis, we verified that Mp-aox gene
expression is up-regulated by the NO donor NOC-5 ex planta
(Fig. 3b). Thus, our data indicate that increased NO production
occurs during host infection, and fungal AOX may play a protec-
tive role in overcoming the harmful effects of this compound on
the mitochondrial respiratory chain. If so, during biotrophic
development, M. perniciosa may slow its growth rate in order to
focus on detoxification.

In addition to the protective role of AOX against plant
defenses, we also suggest that the enzyme may participate in the
regulation of the hemibiotrophic development of M. perniciosa.
We demonstrate that the switch from the biotrophic-like to the
necrotrophic phase is prevented by azoxystrobin, and the fungus
continues to grow as a biotrophic mycelium for an extended time
in the presence of this inhibitor (Fig. 4). Modulation of the
switch between biotrophy and necrotrophy in hemibiotrophic
fungi has not been well characterized; however, a few studies have
demonstrated that this transition depends on key alterations in
the pathogen’s metabolism (Dufresne er al., 2000; Pellier ez al.,
2003). Therefore, we propose that the low-energy metabolic
status caused by the inhibition of the CRC pathway, together
with high AOX respiration, may be important requirements for
the maintenance of biotrophic growth, as well as for the control
of the phase transition process in M. perniciosa.

Previous work by Evans (1980) has suggested that an
unstable molecule produced by the plant is responsible for
the maintenance of the biotrophic phase in M. perniciosa. In
the absence of this molecule, the fungus would rapidly switch
to the necrotrophic phase. According to our results, ex planta
maintenance of the biotrophic mycelium is directly related to
inhibition of the CRC route. Thus, we propose that plant
NO generation during infection may be the factor responsible
for the control of biotrophic development iz planta. We then
speculated that, on the death of the plant tissues,
NO-dependent inhibition of the respiratory chain would cease
and an increase in the cytochrome/AOX ratio would supply
the necessary energy (ATP) for intense pathogen growth
during the necrotrophic phase. In this regard, AOX may be a
switch regulating the development of these two life strategies
in M. perniciosa (biotrophic and necrotrophic phases). Our
study is the first report of the participation of AOX in the
development of a plant pathogen, which sheds light on
the physiological functions of this enzyme as well as on the
mechanisms that control the phase transition process in phyto-
pathogens, a central step during infection.
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Fig. 4 Growth of Moniliophthora perniciosa in the presence of the respiratory inhibitors azoxystrobin and salicylhydroxamic acid (SHAM).

(a) Monokaryotic biotrophic-like phase (top panel) and dikaryotic necrotrophic phase (bottom panel) were inoculated in culture medium containing the
cytochrome-dependent respiratory chain (CRC) inhibitor azoxystrobin (2.5 M), the alternative oxidase (AOX) inhibitor SHAM (5 mM) or both drugs.
Control, no treatment. (b) Microscopy images show that, as expected, in the control, the biotrophic inoculum switched to the necrotrophic phase (the
white arrow shows the presence of clamp connections, which are an exclusive feature of the necrotrophic hyphae). By contrast, in the presence of
azoxystrobin, the transition was prevented, and the fungus maintained the biotrophic morphology, as indicated by the presence of a single nucleus per cell.

All photographs were taken at 21 d post-inoculation.

Finally, we verified that AOX conferred resistance to the fungi-
cide azoxystrobin during both mycelial stages in M. perniciosa
(Figs 1, 4). This is because the biotrophic-like and necrotrophic
hyphae were able to grow in the presence of this CRC inhibitor,
but the combination of the two respiratory inhibitors (azoxyst-
robin and SHAM) was lethal and completely inhibited the
development of these mycelia. Indeed, for the majority of other
phytopathogens, such as Mycosphaerella graminicola, Botrytis
cinerea and M. oryzae, AOX has been shown to function as an
effective mechanism to rescue the fungus from oxidative stress
conditions induced by azoxystrobin fungicides (Avila-Adame &
Koller, 2002; Miguez ez al., 2004; Ishii ez al., 2009).

Despite the well-documented function of AOX in fungicide
resistance, the nature of the environmental stress conditions in
which this enzyme plays a role during the development of phyto-
pathogens is still unknown. A primary approach to understand
AOX function during the development of a plant pathogen was
performed using the hemibiotrophic fungal model M. oryzae.
However, deletion of the zox gene in this fungus had no effect on
fungal pathogenicity or life cycle, thus refuting the hypothesis that
AOX contributes to the virulence or development of this phyto-
pathogen (Avila-Adame & Koller, 2002).

Although M. oryzae is a good and well-characterized model for
understanding many hemibiotrophic infections, a remarkable dif-
ference exists between the life strategies of M. oryzae and
M. perniciosa. Although the biotrophic phase in M. oryzae lasts
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only a few days (Ribot ez al., 2008), M. perniciosa exhibits an
unusually extended biotrophic stage (60-90 d) during which the
fungus is in continuous contact with the living plant tissues
(Evans, 1980; Meinhardt ez 4/, 2008; Mondego ez al., 2008).
During this extended biotrophic phase, the alternative pathway
may play a central role in the survival of M. perniciosa, which has
to deal with a hostile environment established during infection.
In this regard, the M. perniciosa—cacao pathosystem has more in
common with the long-term interactions established between
animal pathogens and their hosts (e.g. sleeping sickness caused by
T brucei, cryptococcal disease caused by C. neoformans, asper-
gillosis caused by A. fumigatus, paracoccidioidomycosis caused by
P. brasiliensis, etc.) than those described for other hemibiotrophic
phytopathogenic fungi (Akhter ez al, 2003; Chaudhuri er al,
2006; Magnani ez al., 2008; Hernandez et al., 2011). Indeed, a
parallel can be drawn between the life strategies of M. perniciosa
and 7. brucei. As in M. perniciosa, the protozoan 1. brucei uses
an AOX-dependent respiratory pathway during its infective stage
inside the mammalian host. However, during its reproductive
cycle inside the insect vector, the protozoan’s respiration is pri-
marily dependent on the activity of the cytochrome pathway
(Chaudhuri er al., 2006). This strategy seems to help 7. brucei
overcome host defense mechanisms that are mainly based on the
induction of oxidative stress (Fang & Beattie, 2003).

In conclusion, this work presents a novel mechanism describ-
ing the development of phytopathogens that has a remarkable
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parallel to the mechanisms evolved in animal parasites. In addi-
tion, we believe that our work contributes to the understanding
of the alternative respiratory pathway, which appears to be
involved in the hemibiotrophic life cycle of a phytopathogenic
fungus. Finally, based on the importance of AOX in the
M. perniciosa life cycle, we believe that this enzyme is a promising
target for the development of new chemicals to disrupt
M. perniciosa development and to effectively control WBD.
Whether the enzyme also plays a role in the development of other
phytopathogens, particularly in other hemibiotrophic fungi,
should be the subject of future studies.
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SUPPLEMENTARY METHODS

Measurement of oxygen consumption by the main life stages of M. perniciosa

We evaluated the oxygen consumption profile by whole cells of the different developmental
stages of M. perniciosa (basidiospores, basidiomata, biotrophic and necrotrophic mycelia). Oxygen
consumption was determined at 27°C using a Clark-type electrode connected to an Oxygraph unit
(Hansatech). The experiments were performed using 2.5x10° spores, the whole mushroom
structure (weighing about 55 mg), and approximately 60 mg of each fungal mycelium (biotrophic
and necrotrophic mycelia). These fungal structures were individually added to the closed reaction
chamber containing 1 mL of culture medium (2 g/L malt extract, 5 g/L yeast extract, and 50ml/L
glycerol). AOX activity was measured in the presence of the CRC inhibitor potassium cyanide (1

mM) as the oxygen consumption inhibited by 200 uM n-propyl gallate.
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Supplemental Figure 1. Measurement of whole cell respiratory rates of the main life stages of M.
perniciosa. (A) Biotrophic-like mycelium, (B) necrotrophic mycelium, (C) basidiomata and (D) basidiospores.
Oxygen consumption was evaluated in response to 1 mM potassium cyanide (KCN, a CRC inhibitor),
followed by addition of 200 uM n-propyl gallate (AOX inhibitor). Oxygen consumption by the biotrophic-like
mycelium was the sole condition affected by n-propyl gallate, thus confirming that the alternative respiratory

chain is active during this developmental stage of M. perniciosa.
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Supplemental Figure 2. Effects of n-propyl gallate on the ex planta development of M. perniciosa. Monokaryotic biotrophic-
like phase (upper panel) and dikaryotic necrotrophic phase (lower panel) were inoculated in culture media containing the AOX
inhibitor n-propyl gallate in a range of different concentrations (from 0.1 to 10 mM). The biotrophic-like mycelium shows a higher
sensitivity to n-propyl gallate in relation to the necrotrophic mycelium, further confirming the role of AOX on the development of the
monokaryotic hyphae of M. perniciosa.
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CONSIDERAGOES FINAIS

O Projeto Genoma Vassoura de Bruxa foi iniciado em 2000 com o principal objetivo de
expandir nosso conhecimento a respeito dessa importante doenca do cacaueiro e, eventualmente,
propor solugdes para o problema. Os primeiros trabalhos elucidaram aspectos basicos da biologia
do fungo M. perniciosa e do cacaueiro, sendo responsaveis pelo estabelecimento de bases para
as pesquisas atuais. Com o grande avang¢o da genbmica e o amadurecimento da linha de
pesquisa, iniciamos em 2009 a construcdo de um abrangente banco de dados de transcriptomas
visando a realizagao de analises de expressao génica em larga escala.

Esta iniciativa, posteriormente denominada “Atlas Transcriptdmico da Vassoura de Bruxa”,
pode ser considerada um importante avango para o estudo dessa doenga. Com base nos dados
obtidos com o Atlas Transcriptdmico, diferentes projetos estao sendo iniciados por pesquisadores
que integram nosso grupo de pesquisa. Como exemplo, podemos citar a resolucdo da estrutura de
possiveis proteinas efetoras de M. perniciosa, as quais devem ter um papel central na viruléncia
deste patogeno. Além disso, genes que participam de uma potencial via metabdlica para a sintese
do horménio auxina estdao sendo avaliados em M. perniciosa com base nos dados de expressao
génica. Novas pesquisas também incluem a identificagdo e caracterizagdo funcional de
mecanismos de resisténcia a fungicidas, como também de outros genes de viruléncia de M.
perniciosa. Ainda, o Atlas Transcriptdmico tem servido de base para um grande projeto em
gendmica comparativa desenvolvido em nosso laboratério. Com base na analise de transcriptomas
de ramos e frutos infectados, este projeto buscara identificar estratégias de viruléncia adotadas por
M. perniciosa durante a infeccdo de tecidos especificos do cacaueiro. Ainda, este trabalho
realizara analises de genomas e transcriptomas para identificar possiveis mecanismos envolvidos
na adaptacido deste patégeno a hospedeiros especificos (cacaueiro e tomateiro). Os dados de
gendmica e trancriptdmica de M. perniciosa serdo ainda comparados com dados obtidos para a
espécie proximamente proxima M. roreri visando a elucidacao de diferencas e semelhancas entre

estes dois patégenos do cacaueiro.
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Os resultados apresentados nesta tese expandem significativamente nosso atual
conhecimento quanto a base molecular da vassoura de bruxa. Em particular, a identificacdo da
ocorréncia de um processo de senescéncia em ramos infectados é extremamente importante e
abre novas perspectivas quanto ao entendimento dos mecanismos que regulam o
desenvolvimento da vassoura de bruxa e das estratégias de patogenicidade adotadas por fungos
hemibiotréficos. Novos trabalhos deverdo ser realizados visando-se correlacionar o processo de
senescéncia no hospedeiro com a transicdo para a fase necrotréfica em M. perniciosa. E
interessante destacar que nossos resultados indicam que a estratégia de infec¢do adotada por M.
perniciosa diferencia-se consideravelmente em relagdo a de outros fitopatégenos bem estudados.
A ocorréncia de um processo de senescéncia prematura no hospedeiro ndo é uma caracteristica
reportada em outras doencas e parece ser um evento importante na infeccao do fungo M.
perniciosa e resultante de sua longa fase biotréfica. Neste sentido, a utilizagdo da enzima AOX
durante a interacdo com o tecido vivo do cacaueiro também é bastante interessante e se relaciona
diretamente com a necessidade do patégeno se proteger de moléculas téxicas produzidas pela
planta durante um longo periodo de interacao biotrofica.

De forma geral, os resultados apresentados exemplificam o grande amadurecimento que o
Projeto Genoma Vassoura de Bruxa vem alcangando nos ultimos anos. Em especial, uma possivel
estratégia para o controle da doenca foi desenvolvida com base no estudo da proteina AOX de M.
perniciosa. Novas analises ainda devem ser realizadas para a comprovacido da eficacia desta
estratégia em campo, porém o estudo € um importante avango nesse sentido. Ainda, os dados
obtidos com o Atlas Transcriptdmico da Vassoura de Bruxa apontam uma série de outras proteinas
com possivel papel no estabelecimento da doencga, incluindo a quitinase MpChi e proteinas MpPR-
1, por exemplo. A caracterizacdo funcional destas proteinas estd sendo executada em nosso
laboratério de forma que as hipoteses elaboradas possam ser comprovadas. O desenvolvimento
de técnicas que permitam a manipulagdo genética de M. perniciosa é de grande importancia para

a caracterizagao funcional de genes de interesse e, ao fazer uso das informagdes fornecidas pelo
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Atlas Transcriptdmico da Vassoura de Bruxa, podera ser uma ferramenta de grande utilidade para

as pesquisas relacionadas a interagao entre o cacaueiro e o fungo M. perniciosa.
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Anexo |

The Crystal Structure of Necrosis- and Ethylene-Inducing
Protein 2 from the Causal Agent of Cacao’s Witches’ Broom

Disease Reveals Key Elements for Its Activity
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Trabalho publicado na revista Biochemistry, Outubro de 2011, Vol. 50, pp. 9901-9910.
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APRESENTACAO

Trés genes codificantes de proteinas da familia NEP (Necrosis- and Ethylene-Inducing
Protein) foram identificados no genoma do fungo Moniliophthora perniciosa logo no inicio do
Projeto Genoma Vassoura de Bruxa. Ensaios com proteinas recombinantes demostraram que ao
menos duas NEPs sao capazes de induzir necrose nos tecidos do cacaueiro. Desde entdo, estas
proteinas passaram a ser intensamente estudadas por estarem diretamente relacionadas aos
sintomas observados na doencga. Sequenciamentos posteriores do genoma de M. perniciosa e a
construcao do Atlas Transcriptdmico da Vassoura de Bruxa revelaram a existéncia de cinco genes
NEP neste patégeno. Neste trabalho, verificamos que apenas um destes genes (NEP2) é
distintivamente expresso durante o estagio de necrose do tecido infectado do cacaueiro. Com base
nesse resultado, a estrutura tridimensional da proteina NEP2 foi resolvida e, juntamente com

ensaios de atividade especificos, revelaram residuos essenciais para a atividade desta proteina.
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ABSTRACT: The necrosis- and ethylene-inducing peptide 1 (NEP1)- J

like proteins (NLPs) are proteins secreted from bacteria, fungi and 5 RS HAER

Control

oomycetes, triggering immune responses and cell death in dicoty- N

ledonous plants. Genomic-scale studies of Moniliophthora perniciosa, 4 J" . .-
the fungus that causes the Witches’” Broom disease in cacao, which is a 5 ~ “

serious economic concern for South and Central American crops, have ) ) q "R D119K 02105 D210A V170R
identified five members of this family (termed MpNEP1—S5). Here, we o . E—

show by RNA-seq that MpNEP2 is virtually the only NLP expressed e "‘B 4 u

during the fungus infection. The quantitative real-time polymerase
chain reaction results revealed that MpNEP2 has an expression pattern
that positively correlates with the necrotic symptoms, with MpNEP2
reaching its highest level of expression at the advanced necrotic stage.
To improve our understanding of MpNEP2’s molecular mechanism of

MpMNEP2 electrostatic potential
surface (on the left) highlighting the
zinc and key residues for protein
necrotic activity in tobacco leaves
(on the right).

action, we determined the crystallographic structure of MpNEP2 at 1.8 A resolution, unveiling some key structural features. The
implications of a cation coordination found in the crystal structure were explored, and we show that MpNEP2, in contrast to
another previously described member of the NLP family, NLPy,, from Pythium aphanidermatum, does not depend on an ion to
accomplish its necrosis- and electrolyte leakage-promoting activities. Results of site-directed mutagenesis experiments confirmed
the importance of a negatively charged cavity and an unforeseen hydrophobic $-hairpin loop for MpNEP2 activity, thus offering a

platform for compound design with implications for disease

control. Electron paramagnetic resonance and fluorescence assays

with MpNEP2 performed in the presence of lipid vesicles of different compositions showed no sign of interaction between the
protein and the lipids, implying that MpNEP2 likely requires other anchoring elements from the membrane to promote cytolysis

or send death signals.

Witches’ Broom disease of cacao (Theobroma cacao), the
raw material for chocolate production, is well-regarded
as one of the most important phytopathological problems to
afflict the southern hemisphere in recent decades, with
devastat1n§ consequences to the agro-economy of the affected
countries.” In Brazil, this disease started as an endemic disease
within the Amazon region, but after an outbreak in 1989, it was
mtroduced into the largest area of cacao production, the state
of Bahia.” A severe decrease in the production of cacao then
followed, and in less than a decade, Brazil shifted from being
the second largest cacao exporter to being a cacao importer.
World chocolate production could fall dramatically if this
disease, which has devastated South and Central American
crops over the past 20 years, were to spread to some of the
world’s other cacao-producing regions.”

7 ACS Publications  © 2011 American Chemical Society

Moniliophthora perniciosa, the causal agent of Witches’
Broom disease, is a basidiomycete with a hemibiotrophic life
cycle.”” Initially, mononucleated basidiospores, dispersed by
the wind and rain at night, germinate on rapidly growing
tissues, such as meristems and young pods, initiating the
biotrophic phase of the disease. When emerging branches are
infected, the disease is characterized by an impressive growth of
new shoots (green broom), which probably acts as a nutritional
sink.>® Eight to twelve weeks after the initial infection, the
tissues begin to senesce and are colonized inter- and
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intracellularly by the saprotrophic mycelia of M. perniciosa. The
transition from biotrophic to necrotrophic involves changes not
only in the plant but also in the biology of the vegetative
mycelia.” ™ The senescing brooms turn brown, forming the
typical necrotic dry broom structures of this disease, which
remain attached to the plant. After a dry period of 3—9 months,
the brooms produce basidiocarps that release spores into the air
and reinitiate the disease cycle.® Infected plants produce fewer
and lower—qualit?l fruits, compromising the amount of cocoa
beans produced.

In recent years, efforts have been made toward under-
standing the infection process at a molecular level and its
correlation with the fungus life cycle.® Genomic-scale studies
have identified key components resulting from the M.
perniciosa—cacao interaction. Among them, five DNA sequen-
ces encoding putative copies of proteins in the fungus that are
similar to the necrosis- and ethylene-inducing peptide 1
(NEP1)-like proteins (NLPs) were identified and have been
termed MpNEP1-5.""" NLPs are proposed to perform dual
functions in the plant—pathogen interactions, acting both as
triggers of immune responses and as toxin-like virulence factors
known to promote leaf necrosis."> The family contains
members from the genomes of more than S50 organisms,
including fungi, oomycetes, and bacteria, with either sapro-
trophic or hemibiotrophic lifestyles."”> Members of the NLP
family share a high degree of sequence similarity, containing a
secretory signal sequence, a conserved seven-amino acid motif
(GHRHDWE), and two or four conserved cysteine residues.
The proteins from this family induce a hypersensitive-like death
response in a variety of dicotyledonous plants but not in any
known monocotyledonous plants.'*

Here, we provide evidence that MpNEP2 is strongly
expressed during the necrotic stage of the fungus infection.
To understand the molecular mechanism of action of
MpNEP2, we determined its crystallographic structure at 1.8
A resolution. The crystal structure data combined with the
results of site-directed mutagenesis experiments and functional
assays highlighted the importance of the conserved seven-
amino acid motif (GHRHDWE) and an unforeseen hydro-
phobic loop in the necrotic process, offering the basis for the
design of compounds with the potential to inhibit the protein.
Moreover, to test MpNEP2’s potential role as a lipid-binding
protein, we performed electron paramagnetic resonance (EPR)
studies of four different headgroup and acyl chain spin probe
phospholipid vesicles added to MpNEP2, as well as tryptophan
fluorescence measurements of MpNEP2 added to equivalent
nonlabeled vesicles. The results indicated no change in the EPR
spectra of the tested lipids and no significant shift in the
tryptophan intensity or wavelength emission peak when the
protein was added to the vesicles described above, raising the
possibility that, if the protein interacts with the cell membrane
to perform its necrotic activity, it likely requires some other
anchoring element.

B EXPERIMENTAL PROCEDURES

RNA-seq and Quantitative Polymerase Chain Reac-
tion (PCR). T. cacao var. Comum was cultivated in a
greenhouse under controlled temperature and humidity
conditions (from 22 to 28 °C and >50%, respectively). Two-
month-old seedlings were then infected with M. perniciosa
spores as described previously.'* RNA-seq libraries that were
produced as part of the WBD Transcriptome Atlas were
inspected for the expression of NLP genes during the in planta
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development of M. perniciosa, from the green broom to the dry
broom stage (where the plant is virtually consumed by the
fungus). The RNA-seq methodology will be described
elsewhere (P. L. Teixeira, manuscript in preparation). For the
gPCR assays, plant material was collected at five different stages
of the disease progression, as follows: no symptoms (10 DAI),
first symptoms (swelling, 20 DAI), mature green broom (green
broom, 30 DAI), first necrosis symptoms (initial necrosis, 60
DAI), and advanced necrosis (100 DAI). RNA extraction was
performed as described by Azevedo and colleagues with minor
modifications;'® the cDNA was synthesized using a SuperScript
VILO cDNA Synthesis Kit (Invitrogen), and real-time PCR
was conducted according to the Delta-Delta-CT method'”
using primers F-FAAGGCAAGACTGCTCTGGTCTA and R-
CTTCCTTTCCATCGTCCTTCTCGT and the tubulin gene
for endogenous housekeeping.

Heterologous MpNEP2 Production. We constructed a
truncated form of MpNEP2 (GenBank accession number
EF114673.1) that had its secretion signaling peptide deleted
(residues Metl—Alal7). This construct (hereafter termed
MpNEP2) was cloned into a modified version of the
pETSUMO plasmid (Invitrogen), which contains a histidine
tag at its N-terminus, and was used to transform Escherichia coli
Origami 2 cells (Merck). The cells were lysed, and the clarified
soluble fraction was purified by a two-step procedure starting
with immobilized metal ion affinity chromatography (IMAC)
using a Co**-charged TALON resin (BD Biosciences) pre-
equilibrated with 30 mM Tris-HCI (pH 8.0), 150 mM NaCl, §
mM imidazole, 0.3 mM TCEP [tris(2-carboxyethyl)phosphine
hydrochloride], and 1 mM PMSF (phenylmethanesulfonyl
fluoride). The resin was washed extensively with this solution
and then incubated overnight at room temperature with an
appropriate amount of protease ULP-1 for His-SUMO tag
removal. The cleaved protein was eluted from the resin and
loaded onto a HiLoad Superdex 75 16/60 gel filtration column
(GE Healthcare) pre-equilibrated in 30 mM Tris-HCI (pH 8.0)
and 50 mM NaCl. The eluted protein was concentrated to 19
mg/mL as judged by its UV,y, absorption and calculated
coefficient extinction'® and used for crystallization screens and
functional assays. Mutants were obtained with the QuikChange
Site-Directed Mutagenesis Kit (Stratagene) by following the
manufacturer’s instructions and purified according to the
protocol developed for the wild-type protein.

X-ray Crystallography. The crystallization experiments
were performed at 18 °C using the conventional sitting drop
vapor diffusion technique. The drops were made by mixing
equal parts of protein and well solution, the latter containing
100 mM sodium acetate (pH 5.0), 20% PEG 6000, and 200
mM ZnCl,. Before data collection at cryogenic temperatures,
the harvested crystals were cryoprotected with 5% ethylene
glycol added to the mother liquor. A substantially complete X-
ray diffraction data set for MpNEP2 was obtained with
beamline DO3B-MX1 at the Brazilian National Synchrotron
Laboratory at a wavelength of 1.608 A.

Phasing and Refinement. The X-ray diffraction data were
processed using Mosflm' and merged and scaled with
SCALA.* The first set of phases was obtained by the molecular
replacement technique as implemented in Phaser,”" using the
Pythium aphanidermatum NEPp,, monomer (deposited as
Protein Data Bank entry 3gnz’®) as the search model.
Following molecular replacement, a density modification was
performed using Parrot, which is part of the CCP4 suite,”>**
and the improved map was then subjected to an automated
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interpretation with the ARPwARP routine.”® The positional
and B factor refinement cycles were performed with Refmac.*®
The manual building of the extra portions and real space
refinement, including a Fourier electron density map
inspection, were performed with Coot.”” The solvent water
molecules, which were treated as oxygen atoms, were added
using the appropriate Coot routine. FFT, part of the CCP4
suite,”**® was used to calculate the Fourier anomalous electron
density map. The overall stereochemical quality of the final
model and the agreement between the model and the
experimental data were assessed with Molprobit®® and the
appropriate Coot routines.

Circular Dichroism. MpNEP2 (6 uM, wild type and
mutants) was dialyzed against 4 mM sodium phosphate buffer
(pH 7.2), and when required, EDTA (62.5 uM) or both EDTA
(62.5 uM) and CaCl, with ZnCl, (120 uM) were added. The
samples were analyzed by far-UV CD spectroscopy (190—260
nm) with a resolution of 1 nm using a JASCO J810
spectropolarimeter. Each data point was generated by averaging
10 accumulations. The secondary structure was estimated on a
DICHROWESB interface® using the CDSSTR method® and
Reference Protein Set 4. The mean residue molar ellipticity at
218 nm (MRE [0],;5) was also collected at temperatures
ranging from 20 to 60 °C at intervals of 1 °C. The apparent
melting temperature (Ty,p,), which is the temperature at which
the molar ellipticity is between the folded and unfolded states,
was used to estimate the stability of the wild-type and mutant
protein. The data were analyzed using Origin (OriginLab
Corp.) for a sigmoidal fit and an inflection point calculation
(TMapp)'

Dynamic Light Scattering. A DynaPro MSTCO014
(Protein Solutions Inc., Lakewood, NJ) dynamic light scattering
instrument was used to monitor the oligomeric state of
MpNEP2 at concentrations between 220 and 260 yM in 4 mM
sodium phosphate buffer (pH 7.2) in the absence or presence
of either EDTA, CaCl,, or ZnCl, (I mM). The assays were
performed at 20 °C with an acquisition time of 5—8 s using a
70 uL cuvette and 50—100% laser power. Three hundred
acquisitions were obtained in a single measurement, and a PBS
solution was used for the calculation of the hydrodynamic radii
(Ry) by DYNAMICS version 6.1 (Protein Solutions Inc.). The
theoretical Ry; value for the monomeric protein was calculated
by HYDROPRO®' using the crystallographic model.

Infiltration of Purified MpNEP2 into Tobacco Leaves.
The control solutions, wild-type MpNEP2 and mutants diluted
to S00 nM in 10 mM sodium phosphate buffer (pH 7.2), were
injected into leaves of Nicotiana tabacum var. Petite Havana
(4—6 weeks old) as described previously."' The infiltration of
MpNEP2 in BAPTA-containing buffer (10 mM), a specific
calcium ion chelator, was preceded by the infiltration of the
same leaves with 10 mM sodium phosphate buffer (pH 7.2)
and 10 mM BAPTA. The formation of lesions was documented
S days after the infiltration of MpNEP2.

Electrolyte Leakage Assay. The electrolyte leakage assay
was conducted according to the method of Ottmann and
colleagues22 with modifications. The control solutions,
containing purified wild-type or mutant MpNEP2, were
injected into tobacco leaves as described above. The infiltrated
area was immediately removed, cut into pieces of approximately
0.25 cm?, and washed with distilled water. After 30 min, the
pieces were transferred to fresh Milli-Q water (20 per replica in
triplicate), and the intracellular content leakage was measured
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with a conductivity meter (WTW LF 330, Wissenschaftlich-
Technische Werkstitten GmbH) at different time points.

Electron Paramagnetic Resonance (EPR) Spectrosco-
py. The phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho(1™-
rac-glycerol) (POPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (POPS), 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine (DOPE), L-a-phosphatidylcholine from egg yolk
(egg PC), and the EPR probes 1-palmitoyl-2-stearoyl(16-
doxyl)-sn-glycero-3-phosphocholine (16-PC) and 1,2-dipalmi-
toyl-sn-glycero-3-phospho(tempo)choline (DPPTC) were pur-
chased from Avanti Polar Lipids (Alabaster, AL). These lipids
were chosen because of their high natural abundance in cell
membranes.>”*® The multilamellar liposomes were prepared by
drying appropriate amounts of chloroform stock solutions of
DOPC, DOPC and POPG (2:1 molar ratio), DOPC and POPS
(2:1 molar ratio) and egg PC and DOPE (2:1 molar ratio)
under a stream of N,. The EPR spin probes were mixed with
the DOPC, DOPC/POPG, DOPC/POPS, and egg PC/DOPE
chloroformic solutions to give a final concentration of 0.5 mol
9%. The samples remained under vacuum for 2 h for the removal
of the residual solvent, and the dried lipid film was resuspended
at a total lipid concentration of 23.8 mM in 4 mM sodium
phosphate (pH 7.2). The large unilamellar vesicles (LUVs)
were prepared by extruding the multilamellar liposomes with a
two-syringe extruder (Avanti Polar Lipids) equipped with two
stacked polycarbonate filters with pores with an average
diameter of 100 nm (Nucleopore). The continuous wave
(CW) EPR spectroscopy experiments were conducted at room
temperature (22 + 1 °C) on a Varian E109 spectrometer
operating at X-band. A measured amount of the buffered
MpNEP2 solution was added to the suspension of LUVs and
incubated for 10 min at room temperature. A final volume of 40
uL of the samples containing MpNEP2/DOPC/spin-label
(DPPTC or 16-PC), MpNEP2/DOPC/POPG/spin-label
(DPPTC or 16-PC), MpNEP2/DOPC/POPS/spin-label
(DPPTC or 16-PC), or MpNEP2/egg PC/DOPE/spin-label
(DPPTC or 16-PC) mixtures was drawn into a capillary tube,
which was placed in the EPR resonant cavity. Control samples
consisted of an LUV suspension without MpNEP2. The final
enzyme concentration was 119 M, and the protein:lipid molar
ratio was 1:100. The acquisition conditions were as follows:
modulation amplitude, 1.0 G; modulation frequency, 100 kHz;
microwave power, 10 mW; field range, 160 G.

Intrinsic Fluorescence Measurements. The fluores-
cence measurements were recorded on a plate reader
spectrofluorimeter (EnVision, Perkin-Elmer) using a 96-well
all-black-walled Eppendorf plate and the default configurations
of the equipment at 25.5 °C. The intrinsic fluorescence
emission spectra of 2 yM MpNEP2 in 4 mM sodium phosphate
(pH 7.2) were recorded from 310 to 500 nm after excitation at
295 nm to obtain the fluorescence spectra derived only from
the tryptophan residues. The background intensities were
always subtracted. Changes in the intrinsic fluorescence of
MpNEP2 were also measured upon the addition of 200 uM of
the following extruded LUVs: DOPC, DOPC/POPG (2:1
molar ratio), DOPC/POPS (2:1 molar ratio), and DOPC/
DOPE (2:1 molar ratio).

B RESULTS

The Level of MpNEP2 Expression Reaches Its Highest
Point at the Necrotic Stage of the Disease. M. perniciosa
has five copies of NLP genes in its genome.m’11 An inspection
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of RNA-seq libraries that were produced as part of the WBD
Transcriptome Atlas (P. L. Teixeira, manuscript in preparation)
revealed that only MpNEP2 was significantly expressed during
an in planta experiment, in which cacao plants were infected
with M. perniciosa, and samples were collected at different
stages of the disease (Figure 1A). Moreover, results of a
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Figure 1. RNA-seq and real-time PCR analysis of MpNEP2 expression
during Witches’ Broom disease. (A) The RNA samples extracted from
the green broom to the dry broom stages of WBD were sequenced and
revealed that MpNEP2 is the major NLP found during the
development of the disease (NCBI reference numbers EF109894 for
MpNEP1, EF114673.1 for MpNEP2, EF164925 for MpNEP3,
JN545833 for MpNEP4, and JNS45834 for MpNEPS). (B) Real-
time PCR confirmed a positive correlation between increasing levels of
MpNEP2 and the appearance of necrotic symptoms. The disease
stages, illustrated in the bottom panel, were classified as follows: no
symptoms (10 DAI), beginning of swelling branches (20 DAI), mature
green broom (30 DAI), beginning of necrosis in leaves (60 DAI), and
advanced necrosis in branches (100 DAI). The dry broom stage is not
shown. RPKM means reads per kilobase of exon model per 1 million

mapped reads.

quantitative real-time PCR assay confirmed that the level of
MpNEP2 expression increased along with the extent of the
necrosis symptoms, reaching its peak at the advanced necrotic

stage when the dry broom symptoms were noticeable (Figure
1B, bottom panel). These results are consistent with the
previously described activity of NLP proteins'* and suggest that
MpNEP2 may be the major isoform involved in the necrosis of
cacao during the Witches’ Broom disease. On the basis of these
findings, this protein was selected for additional structural
analyses.

MpNEP2 Crystal Structure. Because we were interested
in obtaining an improved understanding on the structural
determinants of MpNEP2’s mode of action, we determined the
crystal structure of MpNEP2 at 1.8 A resolution. The statistics
of the final model are listed in Table 1. According to the

Table 1. Parameters and Statistics of Diffraction Data and
Refinement”

Data Collection

beamline DO03B-MX1 at LNLS

wavelength (A) 1.608

space group C121

unit cell dimensions a=8948A b=4421A c=6017A, =
110.04°

no. of monomers per
asymmetric unit

resolution range (A)

no. of unique reflections

1

14.52—1.8 (1.9-1.8)
19327 (2522)

average multiplicity S.1(37)
completeness (%) 93.9 (84.2)
Ry (%) 0.049 (0.170)
((D/a(D)) 247 (79)
solvent content (%) 50.69

Refinement Statistics and Model Quality

resolution range (A)
total no. of reflections used

no. of reflections for Ry,
calculation

20-1.8
18298
1006 (5.29%)

R; (%)/Rgee (%) 14.22/19.57
no. of non-H atoms 1945

no. of residues 212

no. of waters 358
average B factor/rmsd (A)

main chain 12.6/0.8
side chain 13.56/1.78
solvent 26.16
rmsd from ideal bond length 0.021

(4)

rmsd from ideal angle (deg) 1.924
Ramachandran plot

most favored region (%) 96.65
additional allowed region (%) 191
generously allowed region (%)  1.44

“The numbers in parentheses refer to the highest-resolution shell.
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Conserved Domain Database,** the structure belongs to the
NPP1-like necrosis-inducing protein family. The overall
architecture of the monomer in the asymmetric unit reveals a
single-domain molecule with a fold consisting of a central /-
sandwich, with three parallel strands in the first sheet and a five-
stranded antiparallel sheet. Three a-helices (a1—a3) surround
the second sheet, giving rise to a flat surface. Two large loops
(loops 1 and 2) compose the other half of the polypeptide. The
formation of an intramolecular disulfide bridge between two
conserved cysteine residues within loop 2 (Figure S1 of the
Supporting Information), reported to be essential for NLP
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Figure 2. Crystal structure of MpNEP2. (A) Cartoon representation of MpNEP2 with a rainbow coloring scheme from blue (N-terminus) to red
(C-terminus) and a text indication of its structural features, including the presence of a zinc ion (green sphere). (B) Stereoview of the electrostatic
potential surface mapping calculated by APBS.*> The color scale that varies from blue to red represents a variation from positive to negative
potential, respectively (+12k,Tce™"). This panel shows the presence of a very negatively charged cavity and its relative position to the zinc ion. (C)
Ribbon representation of the structural superposition of MpNEP2 and NLPp,, (green and purple ribbons, respectively), indicating both the high
level of structural identity and distinct positions of the cations in the two models (zinc represented as a green sphere and magnesium represented as a
purple sphere). The anionic cavity of MpNEP2 is represented as a green surface. (D) Fourier electron density map, 2F, — F. (blue mesh), for the
residues coordinating to the zinc ion (green sphere), from both symmetry mates, represented as green and cyan sticks. The Fourier anomalous map
(orange mesh), at 3¢ level, contours the ion. (E) Specifics of the cation coordination in the crystallographic models. Whereas magnesium (purple
sphere) is found inside the anionic cavity and is coordinated by Asp93 and Aspl04, in the crystal structure of NLPPya22 (represented as purple

sticks), zinc (green sphere) is coordinated by His116 and Asp210 at the external surface of MpNEP2 (represented as green sticks).

activity,"* appears to be crucial in stabilizing this loop closer to
the f-sheet core of the protein. We can also identify the
presence of two small 3-helices and two adjacent f-hairpins
(f1 and 32). The structural features are illustrated in Figure 2A.

Electrostatic surface mapping, using APBS,> shows the
presence of a strong negatively charged cavity (Figure 2B,C)
formed among the five-stranded J-sheet, the loop between
helices @2 and a3, and hairpin S1. A strand composed of the
conserved sequence “GHRHDWE” defines the bottom of the
cavity, which has a volume of 350 A’ (Figure 2C), as
determined by the 3V server.*® The negative potential is a
contribution of the acidic side chains of Asp108, Asp119, and
Glul21 and the main chain carboxyl groups of His118 and
Trp120.

We observe a very strong peak, surrounding this cavity, in the
Fourier 2F, — F, electron density map (>100 in height), which,
with respect to its contribution to the dispersive component of
the scattering factor, was interpreted as a zinc ion (Figure S1 of
the Supporting Information). This ion sits in a 2-fold center of
symmetry in the crystal and is coordinated by the side chains of
His116 and Asp210 from both the asymmetric unit monomer
and its symmetry-related mate (Figure 2D). According to the
PISA server,” there is an increase in free energy of —24.3 kcal/
mol upon ion coordination; however, the resulting protein—
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protein interface is energetically less favored (0.9 kcal/mol,
with a buried interface area of 580 A%). A second ion was also
modeled on the opposite side of the protein surface, and using
the same criteria for the determination of the zinc ion, it was
interpreted to be sodium (Figure S1 of the Supporting
Information). This cation is coordinated by the side chains of
Aspl57 and HisS3, the latter belonging to a symmetry-related
monomer. Both zinc and sodium ions are present in the protein
solution used for the crystallization at concentrations of 200
mM (ZnCl,) and 50 mM (NaCl), respectively.

MpNEP2 Activity Is Not lon-Dependent. Ottmann and
co-workers>> showed that the coordination of a divalent cation
was crucial to NLPp, cytolytic activity. In this case, a
magnesium ion was found inside the boundaries of a negatively
charged cavity in the NLPp,, structure, being coordinated
directly by Asp93 and Aspl04 (numbering according to
NLPy,,’s reference sequence) and four water molecules (Figure
2E). The overall MpNEP2 structure has a fold that is very
similar to that of NLPy,, (core rmsd of 1.08 A), according to
Lsqkab,*® with the major difference between the two structures
being the location of their divalent cation, as shown in Figure
2C. Nevertheless, Ottmann and co-workers presented evidence
that Mg®* was likely not a physiological ligand, and Ca** might
actually be relevant for protein activity because BAPTA, a Ca*'-
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specific scavenger, abolished the plasma membrane disintegra-
ting activity of the NLPs.**

Having found a divalent cation in our crystal structure,
although it has a different coordination pattern (Figure 2E), we
set out to investigate what effect, if any, ions like zinc and
calcium would have on the thermal stability and oligomeric
state of MpMEP2 and if MpMEP2’s necrotic activity is also
dependent on calcium.

We first investigated the protein fold stability by determining
its melting point using circular dichroism. Neither the presence
of zinc nor the presence of calcium significantly altered the
apparent melting temperature of MpNEP2 (Ty,, for
MpNEP2-ZnCl, = 41.2 °C, and Ty, for MpNEP2-CaCl, =
41.6 °C) relative to the thermal melting point measured in the
absence of added divalent cations (TMaPP for MpNEP2 = 39.9
°C) (Figure 3A). The thermal melting point was also obtained
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Figure 3. Structural stability, leakage, and necrosis promoting activity
of ion-depleted MpNEP2 or MpNEP2 incubated with CaCl, or ZnCl,.
(A) Circular dichroism (CD) of MpNEP2, ion-depleted MpNEP2
(MpNEP2-EDTA), or MpNEP2 incubated with CaCl, or ZnCl, at 1 =
218 nm measured over a range of temperatures. CD data
(millidegrees) were converted to mean residue ellipticity units
(MRE, millidegrees square centimeters per decimole) and plotted vs
temperature. A sigmoidal curve was fitted, and the inflection point was
calculated (TMapp)’ showing that ion binding does not influence
protein stability and implying no structural role for the binding of the
ion. (B) A vehicle solution with BAPTA, a specific Ca®* chelator
(Control), and vehicle solution with MpNEP2 (MpNEP2) or
MpNEP2 and BAPTA (MpNEP2-BAPTA) was injected into tobacco
leaves, and the electrolyte leakage was measured via solution
conductivity. (C) A vehicle solution with BAPTA (Control) or a
vehicle solution with MpNEP2 and BAPTA (MpNEP2) was injected
into tobacco leaves, and the results were documented after S days. The
data in panel B are the average values from three experiments + SD,
whereas the images in panel C are representative of three experiments.

¢
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for MpNEP2 in the presence of EDTA to chelate any vestigial
ions from the protein purification solutions (TMapp for
MpNEP2-EDTA = 39.7 °C). The very similar apparent
midpoints of the curves suggested that the presence of the
tested cations did not affect the protein’s conformational
stability.

Next, on the basis of the observations that zinc sits in a 2-fold
symmetry center in our crystal structure and, consequently, that
an MpNEP2 dimer can be generated by the crystal symmetry
operations, we investigated what effects the ions mentioned
above would have on the oligomeric state of the protein. Again,
little to no change was observed in the hydrodynamic radii
(Ry) measured for the protein either in the absence (2.2 nm,
peak polydispersion of 4.4%) or in the presence of the cations
(CaCl,, 2.3 nm, peak polydispersion of 11%; ZnCl,, 2.4 nm,
peak polydispersion of 8.4%) and the chelating agent EDTA
(2.3 nm, peak polydispersion of 10%). The calculated Ry; value
of the monomer, as determined by HYDROPRO using the
monomer present in the asymmetric unit of our crystal, was 2.4
nm, leading us to conclude that, under the tested conditions,
MpNEP2 is a monomer. The zinc-coordinated symmetric
dimer in the crystal is therefore a packing artifact.

Finally, to check if the necrotic wound and electrolyte
leakage promoting activities of MpNEP2 were dependent on
calcium, the protein was injected into tobacco leaves both in
the presence and in the absence of the calcium scavenger
BAPTA. An electrolyte leakage assay was performed with leaves
that were freshly treated with 10 mM BAPTA added to
MpNEP2, and the results, when compared to the results of the
same assay performed with MpNEP2 alone, indicated that this
infiltration had no effect on the conductivity detected, as shown
graphically in Figure 3B. These observations are supported by
the images in Figure 3C, which show the detection of necrosis
in leaves treated with MpNEP2 and 10 mM BAPTA but not
when BAPTA was injected alone (control), clearly indicating
that the addition of BAPTA to the vehicle solution did not
perturb MpNEP2 activity.

Point Mutations Reveal Important Residues for
MpNEP2 Activity. A comparison of the NLP primary
sequences found in public databases revealed a strong
conservation of a central heptapeptide motif, GHRHDWE,"*
which in MpNEP2 spans residues 115—121. Structurally, this
peptide region comprises the bottom of the negatively charged
cavity described in the previous section. The importance of this
sequence for protein function has already been explored for
NLPp,,, for which the authors showed that substitution of
either His101 or Aspl04 (numbered according to its reference
sequence) with alanine substantially abrogates its biological
activity.”> These His and Asp residues are two of the three
residues that coordinate the divalent cation in Protein Data
Bank entry 3gnz (Figure 2E), being His101 coordination via a
water molecule. In the context of MpNEP2, only His116
(equivalent to His101 in NLPPya) coordinates the zinc ion.

We replaced His116 with either alanine (H116A) or serine
(H116S) and Asp119 with a lysine (D119K), where both of
these residues are from the conserved seven-residue sequence.
The results revealed that all mutations of His116 and Asp119 in
MpNEP2 disrupted the protein’s ability to promote electrolyte
leakage (Figure 4A) and necrotic wounds on tobacco leaves
(Figure 4B). The mutation of the Asp119 residue to a lysine
likely disturbed the negative potential of the cavity described
above (Figure 2B), whereas changing the His116 to either a
short nonpolar residue (alanine) or a negative polar residue

dx.doi.org/10.1021/bi201253b | Biochemistry 2011, 50, 9901-9910



Biochemistry

—0O— Control
A 2004 * WT
v H116S
= v H116A
§ 1501 —o—D119K i
9 —A—D210S
- A D210A > 1
%100" o VAT0R é
£ s0- i g z ﬁ § é
3 !rl
0— . i '
5 7
Tlmeh
Control WT H116S H116A
D119K D21OS D210A V170R
(%]
&5 s
L Q9
25 kDa |-~ —— A — — —
Itel171

o Var 70

o 2
o Bfo169

Figure 4. Mutation of residues from the acidic cavity and a
hydrophobic loop disrupts MpNEP2 activity. (A) The vehicle solution
(Control) or the vehicle solution containing wild-type (WT)
MpNEP2 or mutant H116S, H116A, D119K, D210S, D210A, or
V170R was injected into tobacco leaves, and the electrolyte leakage
was measured by the solution conductivity for 7 h. (B) Additionally,
the necrosis promoting activities on tobacco leaves were observed after
S days. The bottom panel shows a Coomassie-stained SDS—PAGE gel
that contained 50 ug of WT and mutant MpNEP2. The data in panel
A are average values from three experiments + SD, and the images in
panel B are representative of three experiments. (C) Electrostatic
potential surface representation of MpNEP2 p-hairpin 2
(£12kyTce™), highlighting the hydrophobic f-turn composed of
Prol69, Vall70, and Ilel71. The replacement of Vall70 with an
arginine residue disrupted protein activity.

(serine) has the potential to interfere with in vivo metal
coordination, as found in our structure. To further test the
importance of this coordination for protein activity, we replaced
the other metal-coordinating residue, namely Asp210, with
either alanine or serine. None of these mutations resulted in
impaired protein activity (Figure 4A,B), implying that a cation
is indeed dispensable for MpNEP2 activity, and H116 might
exert its influence via a different mechanism. A circular
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dichroism analysis of melting temperatures of all mutant
proteins assayed here revealed no notably altered tertiary
structures within the mutant proteins, suggesting that the
observed differences in the biological activities result from
changes in the nearby vicinity of the altered residues (Figure S2
of the Supporting Information).

Finally, Kufner and co-workers hypothesized that the
membrane attachment of NLP,, could be driven by a
hydrophobic keel-like structure consisting of Trp155, Pro156,
and LeulS7 (according to their reference sequence), which
would penetrate into the lipid core of the membrane like the
hydrophobic regions of actinoporins and perfringolysin.'> The
equivalent residues in MpNEP2 are Prol69, Vall70, and
Ile171, respectively, which are structurally located at the turn of
hairpin 32 (Figure 4C). To test this hypothesis, we replaced the
apical residue in the turn, Val170, with an arginine. As shown in
panels A and B of Figure 4, V170R MpNEP2 is impaired in its
electrolyte leakage and necrosis promoting activities. To test
MpNEP2’s lipid binding capability, we performed EPR
experiments with spin-labeled lipid vesicles and protein intrinsic
fluorescence assays. The EPR spectra of the headgroup spin
probe (DPPTC) or the acyl chain-labeled form (16-PC)
incorporated into DOPC, DOPC/POPG (2:1 molar ratio),
DOPC/POPS (2:1 molar ratio), or egg PC/DOPE (2:1 molar
ratio) LUVs in the presence or absence of MpNEP2 showed no
changes in their profile at a 1:100 protein:LUV molar ratio
(Figure S3A of the Supporting Information). Similarly, the
intrinsic fluorescence measurements of MpNEP2 indicated no
significant perturbance in the tryptophan emission spectra after
addition of a 100-fold molar excess of DOPC, DOPC/POPG,
DOPC/POPS, or DOPC/DOPE unlabeled LUVs (Figure S3B
of the Supporting Information).

B DISCUSSION

Following the genome'® and RNA sequencing analyses (Figure
1A) of M. perniciosa, five copies of NLPs were described, but
only MpNEP2 was expressed during the cacao’s Witches’
Broom disease. A similar situation was described for
Phytophthora sojae and Phytophthora ramorum, in which only
a few of the more than 50 described genes are actually
expressed during the diseases these organisms cause (stem and
root rot of soybean and Sudden Oak Death, respectively).'**
The level of expression of MpNEP2 increases along with the
necrotic symptoms, reaching its highest level during full
necrosis just before the dry broom stage (Figure 1B). The
transcripts encoding the necrosis-inducing protein of P. sojae
(PsojNIP) reached their highest level after the transition of the
fungus from the biotrophic to the necrotrophic stage in
soybean plants,** whereas in Mycosphaerella graminicola, an
NLP is expressed moments before necrosis symptoms occur.*!
The presence of more than one NEP-encoding gene in the
studied genomes agrees with several evolutionary theories that
have recently been grouped into a novel model, the “adaptive
radiation model”.* The other copies of the NEP-encoding
gene are likely to be the result of recent duplications, having
acquired different roles or become pseudogenes.

The founding member of the now-called NLP (NEP1-like
protein) family was NEP1 (necrosis- and ethylene-inducing
protein 1), which belongs to the organism Fusarium oxy-
sporum.®® The exact mode of action of NLPs during infection
and virulence is not yet completely understood. The crystal
structure of a NLP family member from the oomycete Phyttum
aphanidermatum (NLPy,,) has recently been described,”” and it
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was shown to resemble actinoporins, which are pore-forming
toxins from marine invertebrates. The authors of this previous
study concluded that NLPs are conserved virulence factors that
cause plasma membrane permeabilization and cytolysis in plant
cells with a mechanism that is dependent on the coordination
of an ion, presumably calcium. As suggested, Ca’>" may mediate
the docking of NLPs to target membranes, or it might,
alternatively, be required for the membrane permeabilizing
activity. Because plants seem to be capable of sensing the
cellular changes induced by membrane damage, such as the
release of host-derived endogenous elicitors or changes in ion
homeostasis, NLPs probably trigger plant immunity-associated
defenses through their interference with plant tissue integrity.”
This idea would explain why so many authors had detected a
defense response activity in hosts after they were challenged
with NLPs.">'* The majority of genes that responded to NLPs
are associated with general stress responses, which are calcium-
dependent, and are actively expressed by plant host cells.'>"*

Here, we described the crystal structure and mutational and
functional studies of another member of the NLP family,
MpNEP2, which is found in the causal agent of cacao’s
Witches’” Broom disease, the fungus M. perniciosa. This disease
is a serious concern to the South and Central American cacao
crops, and an effective combat strategy has yet to be described.
Like NLPp,, and all the members of the NLP family, MpNEP2
has a conserved heptapeptide motif, GHRHDWE, which is
shown to be part of a highly acidic groove (Figure 2B). In
NLPp,,, the residues from this motif coordinate an ion, likely
Ca®, which was shown to be essential for protein activity.
Although the crystal structure of MpNEP2 also included a
cation in the vicinity of the acidic cavity, here we show that this
protein does not depend on a cation for the promotion of its
necrotic activity. The protein incubated with EDTA was as
stable as the protein after the addition of either ZnCl, or CaCl,
(Figure 3A), as measured by circular dichroism over a range of
temperatures, indicating no structure-stabilizing function for
these ions in MpNEP2. The wild-type calcium-depleted
protein, as well as the Asp210A mutant in which one of the
two ion-coordinating residues is replaced, behaved equally well
in promoting tissue necrosis and electrolyte leakage when
injected into tobacco leaves (Figures 3B,C and 4A,B). On the
other hand, the mutation of the other ion-coordinating residue,
His116, to either a serine or alanine did disrupt MpNEP2
activity, implying that His116 might be important for MpNEP2
necrotic activity via an alternative mechanism. The mutation of
the Asp119 residue within the conserved heptapeptide to a
nonpolar or oppositely charged residue disrupted protein
activity (Figure 4A,B), reinforcing the importance of the
negatively charged cavity for protein function.

The MpNEP2 structure is highly similar to the NLPyp,,
structure (rsmd of 1.08 A for Ca atoms). The latter™
presented a fold highly conserved among the cytolytic
actinoporins, especially the actinoporins produced by the sea
anemones Actinia equina (equinatoxin II) and Stichodactyla
helianthus (sticholysin II). Sticholysin II is a single-domain
protein composed of a tightly folded core of fB-sheet strands
and two short a-helices, A and B, one on each side of the f-
sandwich® (Figure S4A of the Supporting Information). The
two-dimensional sticholysin II-lipid crystal data led to the
proposal that the first 30 residues at the N-terminus, which
encompass the amphiphilic a-helix A, are displaced from the
body of the molecule upon binding of the lipid to be able to
interact with the C-terminus of a neighboring molecule and
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form a tetramer.** The structural and functional data showed
that the first contact of the molecule with the lipid membrane is
promoted by the region around an exposed aromatic patch of
the molecule, which contains tryptophan and tyrosine residues.
The side chains of Trp110 and Trp114, which point downward
and upward, respectively, with respect to the aromatic cluster,
are exposed and very likely involved in the association of this
protein region with lipid membranes™ (Figure S4A of the
Supporting Information) because the equivalent residues on
equinatoxin II contribute to the fluorescence shifts observed
upon lipid binding.**** The crystal structure of sticholysin I
complexed with phosphocholine revealed that the phospholipid
headgroup binding site is placed exactly at this tryptophan and
tyrosine rich segment** (Figure S4A of the Supporting
Information).

In this work, we provide evidence that, remarkably, mutation
of Val170 to an arginine residue abrogated protein necrosis and
electrolyte activity, revealing that the triad consisting of Pro169,
Val170, and Ile171 might, indeed, be a hydrophobic S-hairpin
loop involved in membrane disruption. The aromatic patch
described above for sticholysin II does not correlate structurally
with the f-hairpin loop in MpNEP2 described here, which has a
valine [Val170 (see Figure 4C)] that is important for protein
activity (Figure 4A,B) (rmsd of 2.38 A for Ca atoms upon
superimposition of only the f-sheet core). Alternatively, this
aromatic region fits within a region on MpNEP2 that has two
tryptophan residues exposed to the solvent [Trp228 and
Trp230 (Figure S4B of the Supporting Information)]. A
possible scenario is that this segment of the protein, along with
the hydrophobic S-hairpin loop [both are on the same side of
the protein (see Figure S4B of the Supporting Information)],
might be involved in the protein—lipid interaction. Moreover,
to have a truly porin-like activity, in addition to being able to
bind lipids, MpNEP2 must overcome its water-soluble
conformation and transform into a lipophilic molecule. This
transformation, induced by a lipid surface, would involve
tertiary conformational changes. A deeper analysis of the
MpNEP?2 structural packing revealed that loop 2, as well as a-
helix 2 and adjacent loops (Figure S4B of the Supporting
Information), packs against the f-sheet core via aromatic
stacking between several residues (Figure S4B of the
Supporting Information, top right inset). A potential lipid-
induced conformational change could displace this part of the
protein to expose a lipophilic surface that was previously
hidden.

However, EPR or intrinsic protein fluorescence studies
conducted in the presence of LUVs containing phospholipids
representative of the most common lipids found in plant cell
membranes ** showed no change in the spectra of the labeled
lipids upon addition or MpNEP2 or protein tryptophan
fluorescence after the incubation with the LUVs, respectively.
Although we did not perform an exhaustive search of all types
of lipids and their different combinations, these findings suggest
that, if MpNEP2 anchors to the membrane to perform its
necrotic activity, it likely requires an interaction with another
membrane element, which could be either a specific membrane
receptor or glycolipoprotein microdomains.***” This finding
could offer an explanation of how MpNEP2, as well as others
NLPs, differentiates between dicotyledonous and monocoty-
ledonous plants.'*

During the progression of Witches” Broom disease, the fungal
population inside the host becomes larger, and the concen-
tration of molecules involved in quorum sensing signals also
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increases. A phase change synchronization happens at this point
of the disease, and MpNEP2 expression could be a benefit to
M. perniciosa by releasing nutrients from lysed plant cells and by
promoting an increase in the space that would allow the fungi’s
saprotrophic hyphae to quickly proliferate. The highly acidic
cavity described for MpNEP2 and the hydrophobic Pro-Val-Ile
loop are promising regions for compound screening and design
because both of these regions have been shown to be essential
for MpNEP2 necrosis promoting activity.
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A potential role for an extracellular methanol oxidase secreted
by Moniliophthora perniciosa in Witches’ broom disease in
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APRESENTAGAO

Este trabalho mostra que o fungo Moniliophthora perniciosa é capaz de utilizar metanol
como unica fonte de carbono. A principal fonte deste alcool em plantas é a pectina presente na
parede celular. Assim, o trabalho apresenta uma caracterizagdo do metabolismo pectinolitico em
M. perniciosa, destacando o fato de este fungo possuir uma enzima metanol oxidase extracelular.
Dados de RNA-seq foram utilizados na construgdao de um modelo deste metabolismo em M.
perniciosa, propondo que a degradacdo da pectina vegetal pelo fungo libera metanol no meio

extracelular, o qual é entdo imediatamente metabolizado.
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The hemibiotrophic basidiomycete fungus Moniliophthora perniciosa, the causal agent of Witches’ broom
disease (WBD) in cacao, is able to grow on methanol as the sole carbon source. In plants, one of the main
sources of methanol is the pectin present in the structure of cell walls. Pectin is composed of highly
methylesterified chains of galacturonic acid. The hydrolysis between the methyl radicals and galacturonic
acid in esterified pectin, mediated by a pectin methylesterase (PME), releases methanol, which may be

ﬁeml‘?rdz: 0 - decomposed by a methanol oxidase (MOX). The analysis of the M. pernciosa genome revealed putative
C:c';lowp thora perniciosa mox and pme genes. Real-time quantitative RT-PCR performed with RNA from mycelia grown in the pres-

ence of methanol or pectin as the sole carbon source and with RNA from infected cacao seedlings in dif-
ferent stages of the progression of WBD indicate that the two genes are coregulated, suggesting that the
fungus may be metabolizing the methanol released from pectin. Moreover, immunolocalization of homo-
galacturonan, the main pectic domain that constitutes the primary cell wall matrix, shows a reduction in
the level of pectin methyl esterification in infected cacao seedlings. Although MOX has been classically
classified as a peroxisomal enzyme, M. perniciosa presents an extracellular methanol oxidase. Its activity
was detected in the fungus culture supernatants, and mass spectrometry analysis indicated the presence
of this enzyme in the fungus secretome. Because M. pernciosa possesses all genes classically related to
methanol metabolism, we propose a peroxisome-independent model for the utilization of methanol by
this fungus, which begins with the extracellular oxidation of methanol derived from the demethylation
of pectin and finishes in the cytosol.

Witches’ broom disease
Methanol oxidase
Extracellular

Pectin methylesterase

© 2012 Elsevier Inc. All rights reserved.

1. Introduction inhabit the intercellular space, where they grow slowly at a low

density, causing hypertrophy and hyperplasia of the infected

The basidiomycete fungus Moniliophthora perniciosa (Aime and
Phillips-Mora, 2005) is the causal agent of Witches’ broom disease
(WBD) in cacao (Theobroma cacao), one of the most devastating
diseases of cacao in the Americas (Griffith et al., 2003).

M. perniciosa is classified as a hemibiotrophic pathogen and
presents two morphologically distinct life phases, biotrophic and
necrotrophic, that are correlated with different symptoms during
the progression of WBD (Evans, 1980). The biotrophic mycelium
is monokaryotic, with no clamp connections, and infects flower
cushions, developing fruit, and meristematic tissues. These hyphae

* Corresponding author. Address: Genetics, Evolution and Bioagents Department,
Genomics and Expression Laboratory, Institute of Biology, UNICAMP, P.O. Box 6109,
13083-970 Campinas, SP, Brazil. Fax: +55 19 37886235.

E-mail address: goncalo@unicamp.br (G.A.G. Pereira).

1087-1845/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.fgb.2012.09.001

branches, which are the main symptoms of the green broom stage
(Evans, 1978; Penman et al., 2000; Silva, 1999). These symptoms
are caused by a drastic biochemical change during the develop-
ment of the green brooms (Scarpari et al.,, 2005). Very little is
known about the characteristics of this monokaryotic mycelium
ex planta because its cultivation is difficult due to its instability;
a glycerol-based culture media for the cultivation of a monokaryot-
ic and biotrophic-like mycelia was developed only recently
(Meinhardt et al., 2006).

Five to eight weeks after the start of the infection, a dikaryotiza-
tion process occurs, and the mycelia become necrotrophic, pre-
senting two nuclei per cell that are connected by typical
basidiomycete clamp connections. The necrotrophic mycelia rap-
idly invade the host plant cells, completely destroying the infected
tissues and causing the extensive degradation symptoms of the dry
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broom phase (Delgado and Cook, 1976; Evans and Bastos, 1980;
Frias et al., 1991; Griffith and Hedger, 1994). Although the mecha-
nisms that trigger the dikaryotization process in M. perniciosa are
not yet completely elucidated, recently a study published by our
group reported that an alternative oxidase plays a role in the bio-
trophic development of M. perniciosa and regulates the transition
to its necrotrophic stage (Thomazella et al., 2012).

The introduction of WBD in Bahia, the main Brazilian cacao-pro-
ducing state, occurred in 1989 (Pereira et al., 1989). Since then, ca-
cao production has decreased drastically and Brazil has become a
net importer of cacao in order to supply the national chocolate
industry. Due to the extreme losses in cacao production, in the
early 2000s, the Witches’ broom Genome Project was initiated to
decode the M. perniciosa genome and, based on the data acquired,
select genes that could be relevant during the progression of WBD
for characterization. In 2008, a draft genome analysis and an EST
and microarray-based transcriptome study were published (Mond-
ego et al., 2008; Rincones et al., 2008). These studies revealed the
presence of sequences similar to methanol oxidase (mox), an en-
zyme that could be related to the previously reported ability of
M. perniciosa to grow on methanol as the sole carbon source
(Mondego et al., 2008), as shown in Fig. 1.

MOX is the key enzyme in methanol metabolism in methylo-
trophic yeasts and other methanol-degrading organisms. It con-
sists of an octameric flavoprotein that oxidizes methanol to
formaldehyde and hydrogen peroxide (Ozimek et al., 2005). The
peroxide generated is decomposed by a catalase, and the formalde-
hyde is subjected either to the action of a dihydroxyacetone syn-
thase (DHAS) or to direct oxidation by the enzymes
formaldehyde dehydrogenase (FMDH) and formate dehydrogenase
(FDH) (Kaszycki and Koloczek, 2000).

In almost all methanol-degrading organisms, such as the
methylotrophic yeasts Pichia angusta and Pichia pastoris and the
ascomycete phytopathogen Cladosporium fulvum, MOX is a

peroxisomal enzyme (Ozimek et al., 2005; Segers et al., 2001). It
is synthesized in the cytosol and imported into the peroxisomes,
triggered by a peroxisomal targeting signal (PTS1) that is located
in the C-terminal part of the enzyme (Ozimek et al., 2006). To date,
the only known exception concerns the MOX produced by the
basidiomycete Gloeophyllum trabeum, which is secreted into the
extracellular space, despite the absence of a clear secretion signal
in its sequence (Daniel et al., 2007).

In plants, one of the main sources of methanol is the pectin
present in the plant cell walls (Nemecek-Marshall et al., 1995).
Pectins are one of the major components of the middle lamellae
and primary plant cell walls in dicotyledonous species, where they
compose 30-35% of the cell wall dry weight (Pelloux et al., 2007).
Pectins are highly complex polysaccharides that are rich in calcium
ions, and are formed by a range of different domains, two of which
may be distinguished: homogalacturonan and xylogalacturonan.
Homogalacturonans are linear chains of a-(1-4)-linked
p-galacturonic acid, which can be either methylesterified or
acetylesterified. Xylogalacturonan is a homogalacturonan with
(1,3)-B-p-xylopyranoside side chains, which like homogalacturo-
nan, can be methylesterified (Willats et al., 2001).

The degradation of the pectin present in plant cell walls is a
strategy used by many phytopathogenic fungi to invade the host
tissues and establish infection. The fungi Sclerotinia sclerotiorum
(Guimaraes and Stotz, 2004), Botrytis cinerea (Han et al., 2007),
and M. perniciosa (Rio et al., 2008) produce oxalate, which removes
calcium ions bound to pectin to produce calcium oxalate crystals,
thus exposing the host cell walls to plant cell wall-degrading
enzymes (PCWD) of fungal origin. One of the main PCWDs is pectin
methylesterase (PME), an enzyme that removes the methyl ester
radicals present in the galacturonic acid backbone in esterified
pectin, releasing methanol (Sakai et al., 1993). PMEs are enzymes
produced by plants that are related to growth, development, and
defense against pathogens (Pelloux et al.,, 2007), though many

Fig. 1. M. perniciosa is able to grow on methanol as the sole carbon source. Minimal medium without any carbon source, which cannot support M. perniciosa growth (A,
control) and the same media supplemented with glucose (B), methanol (C) and cacao extract (D), at final concentrations of 1% (v/v).
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phytopathogenic fungal species secret PMEs as pathogenicity fac-
tors. For example, the disruption of the B. cinerea pectin methylest-
erase gene Bcpmel reduces virulence in several host plants,
including apple fruits, grapevines, and Arabidopsis thaliana leaves
(Valette-Collet et al., 2003). The analysis of M. perniciosds genomic
and expressed sequences revealed the presence of a sequence sim-
ilar to a pectin methylesterase.

Although it has been demonstrated that methylotrophic yeasts,
such as Pichia methanolica (Nakagawa et al., 2005) and Candida
boidinii (Yurimoto et al., 2000), are able to utilize the methanol
released from pectin, very little is known about the correlation
between pectin and methanol metabolism among the phytopatho-
genic fungal species.

In this study, we show that M. perniciosa produces a methanol
oxidase that is secreted into the extracellular space. Its relative
expression in vitro and in planta is associated with PME expression
levels and with the reduction in the level of methyl esterification
observed in infected cacao seedlings, suggesting that this fungus
metabolizes the methanol generated by pectin degradation. More-
over, we show that M. perniciosa possesses all genes related to
methanol utilization, and their expression indicates that methanol
can be a relevant energy source for this fungus.

2. Material and methods
2.1. Biological material and growth conditions

The isolate FA553 of M. perniciosa was used for all experiments
in this work (Mondego et al., 2008). In our laboratory, necrotrophic
mycelia of this isolate were maintained on plates of Malt Yeast
Extract Agar (Difco) at 28 °C. The spores were obtained from necro-
trophic mycelia according to the protocol developed by Teixeira
et al. (in preparation). Biotrophic-like mycelia were obtained from
spore germination in biotrophic maintenance media (Meinhardt
et al., 2006).

For all in vitro gene expression experiments, both biotrophic-
like and necrotrophic mycelia were grown for 7 days at 28 °C, un-
der constant agitation at 120 rpm, in biotrophic liquid media,
which contains glycerol as the sole carbon source (Meinhardt et
al., 2006); the same media was used for the biotrophic-like and
necrotrophic mycelia growth to avoid gene expression variations
associated with different growth conditions. After the 7-day
growth period, the mycelia were separated from the media by fil-
tration, washed twice in sterile distilled water and inoculated in
new aliquots of the same media supplemented with the following
sole carbon sources at final concentrations of 1% (w/v): glycerol,
glucose, methanol, non-esterified pectin from citrus (Sigma, poly-
galacturonate) and esterified pectin from citrus (Sigma, degree of
esterification, DE > 85%). After a 24-h period of incubation, the
mycelia were separated from the media by filtration, washed twice
in sterile distilled water, frozen in liquid nitrogen, and stored at
—80 °C for further RNA isolation.

T. cacao L. variety (Catongo) was used for the M perniciosa gene
expression assays in planta. Plants were grown for approximately
3 months in a greenhouse under controlled temperature (26 °C)
and humidity (>80%) at a photoperiod of 12 h. After this period
of growth, the apical meristems of the plants were removed
2 weeks before the infection with the fungal spores to stimulate
growth of the lateral meristems. One day before the infection,
the plants were transferred to a high-humidity chamber to induce
stomatal opening. We used 30 pl of a solution containing approx-
imately 10° spores/ml to infect each plant. Symptoms of WDB were
observed, and the plants were harvested based on the progression
of symptoms of the disease: asymptomatic, green broom 1, green
broom 2 and necrosis; the plants were collected in triplicate for

each stage analyzed. As the experimental control, non-infected
plants of the same age were collected. All collected plants were
frozen in liquid nitrogen and stored at —80 °C freezer for further
RNA isolation. For the immunolocalization assays, seedlings
from asymptomatic and necrosis stages and their respective
non-infected controls of the same age were harvested and fixed
in Karnovsky solution overnight at room temperature and under
vacuum (Karnovsky, 1965).

2.2. RNA isolation

Mycelia of M. perniciosa grown in vitro were processed for RNA
extraction using the RNeasy Plant Mini Kit (Qiagen) according
to the manufacturer’s instructions. RNA from infected and
non-infected plant material was isolated according to a protocol
developed in our laboratory (Vidal et al., 2010). All isolated RNA
was qualitatively analyzed in 1% denaturing formaldehyde/agarose
gel electrophoresis and quantified using a Nanodrop™ 1000
Spectrophotometer (Thermo Scientific).

2.3. Real-time PCR

One microgram of total RNA from in vitro cultures and plant
material was treated with RQ1 RNAse-free DNAse (Promega) and
used for cDNA synthesis with Superscriptll® Reverse Transcriptase
(Invitrogen) according to the manufacturer’s protocol. The online
program Primer3 (Rozen and Skaletsky, 2000) was used to design
all PCR primers based on the sequences obtained from the Witches’
broom Genome Project database (Table 1). The optimal primer
annealing temperature was set to 55 °C, and the amplicon size var-
ied from 100 to 110 bp. Quantitative PCR was performed using the
SYBRGreen MasterMix (Applied Biosystems), and the fluorescence
was detected with the Step One Plus platform (Applied Biosys-
tems). A 16 pl reaction was set with 8 pl of the SYBRGreen Master-
Mix, 40 ng of cDNA and 100 nM of each primer. The thermal
cycling conditions were 94 °C for 10 min, followed by 40 cycles
of 94 °C for 15 s, 55 °C for 20 s and 60 °C for 1 min. After amplifica-
tion, a melt-curve step consisting of one cycle of 94 °C for 15 s and
a ramp varying from 60 °C to 94 °C in intervals of 0.3 °C was added
to inspect the reactions for the formation of primer dimers and
unspecific amplicons. The melting temperatures of the fragments
were determined according to the manufacturer’s protocol (Table
1). No-template reactions (water) were included as negative con-
trols in every plate for all of the primers used; for plant material
analyses, non-infected plants were also assayed to ensure that
the fungal primers were not amplifying cacao genetic material.

The data analysis was performed using a mathematical method
described previously (Pfaffl, 2001), using the C; (cycle threshold)
mean of biological triplicates. Standard curves for each primer pair
were generated by serial cDNA dilutions. The housekeeping genes
B-actin and a-tubulin (Table 1) were used to normalize the qPCR
reactions for in vitro and infected plant material, respectively.

2.4. Methanol oxidase assay

Supernatants of liquid M. perniciosa cultures were separated
from the mycelia by filtration through several layers of filter paper

Table 1
Primers and melting temperatures (MT) for quantitative SYBRGreen real-time PCR.
Forward Reverse MT
(°0)
PME GTACTCAAACTTGCATCACC CTGAAGGAAGATTAGACAGACACG 75.6
MOX CTGTCGGCGTAGCCTATGTT TCCACTGCTCAGAACGACAC 823
ACT CCCTTCTATCGTCGGTCGT AGGATACCACGCTTGGATTG 80.7
TUB GACCAACAGCTTGTCTTTGC GACATTGCAAACATCGAGGA 81.0
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(Whatman No. 1). The secretome samples were then concentrated
100-fold using an Amicon Ultra-15 Centrifugal Filter Unit with an
Ultracel-10 membrane (Millipore) and quantified by the Bradford
assay using bovine serum albumin as the standard.

The concentrated supernatants of liquid M. perniciosa cultures
were used to detect methanol oxidase activity. MOX activity was
assayed spectrophotometrically at 405 nm through the oxidation
of 2,2-azino-bis(3-ethylbenzo-6-thiazoline sulfonic acid) (ABTS)
(Sahm and Wagner, 1973). The reactions were set to a final vol-
ume of 2 ml, containing 100 mM of the substrate (methanol, eth-
anol and 2-propanol), 2 pmol of ABTS, 40 ng of horseradish
peroxidase (Sigma), and approximately 10 pg of total protein
from the culture supernatants. The reaction was performed at
25°C in an air-saturated 100 mM potassium phosphate buffer at
pH 7.5. The oxidation of ABTS was detected by observing the
appearance of a green coloration. The 405 nm absorbance was
measured at 1 min intervals. The K, for methanol and ethanol
was calculated as described previously (Segers et al., 2001; Van
der Klei et al., 1990).

2.5. Enzymatic in-gel digestion and mass spectrometry analysis

Concentrated supernatants of liquid M. perniciosa cultures, ob-
tained as described in Section 2.4, were used in mass spectrometry
analysis. SDS-PAGE electrophoresis (12.5%) was used to separate
20 g of the concentrated protein mixture. The bands correspond-
ing to the molecular mass range from 70 to 75 kDa, as predicted for
MOX, were excised from the gel and subjected to in-gel trypsin
digestion, which was performed as described previously (Hanna
et al., 2000), with modifications. As a negative control, we per-
formed the same preparation with a cell-free culture media.

The resulting peptide solution was dried in a SpeedVac con-
centrator, resuspended in 20 pl of 0.1% formic acid and an aliquot
of 4.5 pul was analyzed in a LTQ Orbitrap Velos mass spectrometer
(Thermo Scientific) connected to a nanoflow liquid chromatogra-
phy (LC-MS/MS) by an EASY-nLC system (Proxeon Biosystem)
through a Proxeon nanoelectrospray ion source. Peptides were
separated on a 2-90% acetonitrile gradient in 0.1% formic acid
using a pre-column EASY-Column (2 cm x id 100 pm, 5 pm parti-
cle size) and an analytical column EASY-Column (10 cm x id
75 um, 3 pm particle size) at a flow rate of 300 nl/min over
45 min. The nanoelectrospray voltage was set to 1.7 kV, and the
source temperature was 275 °C. All instrument methods for the
Orbitrap Velos were set up in the data-dependent acquisition
mode. The full scan MS spectra (m/z 300-2000) were acquired
in the Orbitrap analyzer after accumulation to a target value of
1e%. The resolution was set to r= 60,000 and the 20 most intense
peptide ions with charge states >2 were sequentially isolated to
a target value of 5000 and fragmented in the linear ion trap by
low-energy CID (normalized collision energy of 35%). The signal
threshold for triggering an MS/MS event was set to 1000 counts.
Dynamic exclusion was enabled with an exclusion size list of 500,
exclusion duration of 60s, and repeat count of 1. An activation
q=0.25 and activation time of 10 ms were used (de Souza et
al., 2012).

Peak lists (msf) were generated from the raw data files using
the software Proteome Discoverer 1.3 (Thermo Fisher Scientific)
with Sequest search engine and they were searched against
M. perniciosas predicted protein database (17,012 sequences) with
carbamidomethylation (+57.021 Da) as a fixed modification, oxida-
tion of methionine (+15.995 Da) as a variable modification, one
trypsin missed cleavage and a tolerance of 10 ppm for the precur-
sor and of 1Da for fragment ions, filtered using xcorr cutoffs
(+1>1.8, +2> 2.2, +3>2.5 and +4 > 3.25) and false discovery rate
of 0.01, performed using a reverse M. perniciosds predicted protein
database.
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2.6. Immunofluorescence detection of the level of methyl esterification
in infected and non-infected cacao seedlings

The immunolocalization of the methylesterified and non-
methylesterified domains of homogalacturonan present in infected
and non-infected cacao seedlings was performed as described
elsewhere (Buckeridge and Reid, 1994; Orfila and Knox, 2000).
The primary antibodies JIM5 and JIM7, which recognize homogalac-
turonan epitopes with low (0-40%) and high (15-80%) levels of
methyl esterification (0-40%), respectively, were used (Willats et
al., 2000).

The fixed samples (Section 2.1) were dehydrated, cleared in xy-
lene and infiltrated in Paraplast® Plus (McCormick™). Twelve-
micrometer transverse sections of stems from asymptomatic and
necrotic infected cacao plants and non-infected controls of the
same age were dewaxed with butyl acetate, hydrated and incu-
bated in blocking solution (3% whole milk diluted in 0.01 M saline
phosphate buffer pH 7.1) for 30 min. Subsequently, the samples
were separately incubated with primary antibodies (1:5 dilution)
for 3 h, washed three times with PBS buffer and incubated with
Goat Anti-Mouse IgG, (H + L) FITC-conjugated secondary antibody
for 1 h at room temperature in the dark. Control samples were
incubated only with the secondary antibody for 1 h at room tem-
perature in the dark. The samples were immediately analyzed with
an Olympus BX51 epifluorescence microscope. At least 10 different
sections of each plant were analyzed.

2.7. Transcriptomic analysis using RNA-seq

The RNA isolated from M. perniciosa necrotrophic mycelia in-
duced in glycerol or methanol (Section 2.1) was processed for glo-
bal transcriptome analysis by large scale mRNA sequencing (RNA-
seq). Libraries were prepared according the manufacturer’s
instructions (Illumina). The mRNA was purified from 10 pg of total
RNA using Sera-Mag Magnetic Oligo(dT) Beads (Thermo Scientific),
and fragmented in the presence of divalent cations under high
temperatures. The fragmented mRNA was used to synthesize the
cDNA. The first strand was synthesized using Superscript Il Reverse
Transcriptase and random hexamers. Double-stranded cDNA was
then produced using the enzymes DNA polymerase I and RNAse
H. Subsequently, abrupt extremities were obtained by treatment
with the enzymes T4 DNA polymerase and Klenow DNA polymer-
ase; a 3'-adenine was added by the enzyme Klenow exo-Adapters
with an overhang thymine were added, and non-ligated adapters
were purified in gel. Finally, the libraries were enriched through
15 cycles of amplification using primers that anneal to the adapt-
ors. The libraries were quantitative and qualitatively assayed with
the Qubit fluorometer (Invitrogen) and the Experion capillary elec-
trophoresis system (Bio-RAD). Each library was subjected to a 36-
cycle single end sequencing in the Genome Analyzer Il platform
(Ilumina).

To identify expressed genes, the reads obtained from large scale
sequencing were mapped against the M. perniciosa genomic data-
base using the mapping tool Bowtie (Langmead, 2010), allowing
one mismatch. Ambiguous reads that mapped with similar scores
to several sites were discarded. The measure of gene expression
was calculated in terms of RPKM (reads per kilobase per million
mapped reads) (Mortazavi et al., 2008).

3. Results
3.1. Sequence analysis of M. perniciosa methanol oxidase

The M. perniciosa predicted protein database (17,012 sequences)
was analyzed, and three sequences with the potential to encode
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methanol oxidase were initially identified. These sequences were
compared to MOX sequences from other organisms by the Blast
algorithm against the NR database and subjected to a search of
conserved domains and classical MOX motifs, using the CDD and
Pfam databases. Fig. 2A shows a scheme of the three predicted
MOX sequences. All described MOX from fungal species contain
two GMC-oxidoreductase (GMC, glucose-methanol-choline)
domains and a conserved ADP-binding B-o-B motif on the
N-terminal portion of the protein (Ozimek et al., 2005). As shown
in Fig. 2A, the sequences 2 and 3 lack the N-terminal B-o—B motif
and sequence 3 presents an incomplete N-terminal GMC-
oxidoreductase domain; moreover, these sequences are shorter
than sequence 1 and MOX sequences from other organisms, in
which protein size varies from 650 to 670 amino acids. Because
sequence 1 is the only sequence that contains both complete
GMC-oxidoreductase domains and the classical B-o~p motif and
because it was the only sequence previously identified in cacao-
extract-induced EST libraries (Rincones et al., 2008), we focused
our work on this gene. This sequence will be referred to as Mp_mox.

The Mp_mox genomic (GenBank ID: JX024739) sequence and
complete CDS present 3490 and 1953 nucleotides, respectively,
containing 29 exons and 28 introns. The predicted protein contains
650 amino acids and has a molecular weight of approximately
72 kDa. Fig. 2B shows an alignment of the C-terminal part of the
M. perniciosa MOX with sequences from the methylotrophic yeasts
P. pastoris and P. methanolica, the ascomycete fungus C. fulvum and
the basidiomycete species Coprinopsis cinerea and G. trabeum, and
the predicted sequences 2 and 3. Mp-mox shares 89% identity with
C. cinerea and G. trabeum sequences compared with its 52% identity
with the other species mentioned above. Sequence analysis with
the program InterPro Scan Sequence Search (http://www.ebi.
ac.uk/Tools/pfa/iprscan) showed the existence of two conserved
GMC-oxidoreductase domains: an N-terminal domain correspond-
ing to the amino acids 7-313 and a C-terminal domain that spans
from amino acid 427 to 614. Residues 13-18 contain a putative fla-
vin adenine dinucleotide (FAD) binding site (GGGPAG) within the
predicted ADP-binding B-o-B motif, which is present in most
FAD-binding proteins (Ozimek et al., 2005; Wierenga et al,
1986). An N-glycosylation site at the residue 323 was predicted
with a score of 0.5229 by the software NetNGlyc 1.0 (http://
www.cbs.dtu.dk/services/NetNGlyc).

One of the main characteristics of MOX from most organisms
is the presence of a peroxisomal targeting signal, PTS1, at the

C-terminal region of the protein. The (S/A/C)-(K/R/H)-(L/A) tripep-
tide interacts with the Pex5p receptor protein, leading to the
importation of the protein by the peroxisomes (de Hoop and Ab,
1992). As shown in Fig. 2B, the M. perniciosa MOX sequence lacks
PTS1. Otherwise, the last 26 amino acids (marked in gray) show
a high similarity with the terminal residues of the G. trabeum
and C. cinerea sequences; this sequence appears to be a particular
characteristic of MOX from basidiomycete species as it differs sub-
stantially from the C-terminal sequences of other fungal species.

3.2. M. perniciosa MOX is a secreted protein

One hundred-fold concentrated culture supernatants (secre-
tome) from M. perniciosa were assayed for MOX activity. As de-
scribed in Section 2.4, MOX activity was assayed by following the
oxidation of ABTS at 405 nm with a spectrophotometer. Table 2
shows MOX relative activity and K, values in different substrates.
As shown in Table 2, the preferred substrate for MOX is methanol,
but it also shows a high activity when the substrate is ethanol.

LC-MS/MS analysis on an LTQ Orbitrap-Velos mass spectrome-
ter was used to confirm the presence of methanol oxidase in the
extracellular extracts of M. perniciosa cultures. The concentrated
fungal secretome was electrophoretically separated in a 12.5%
one dimensional SDS-PAGE gel. As MOX is predicted to have a
molecular mass of approximately 72 kDa, the bands corresponding
to the molecular mass range of 70-75 kDa were excised from the
gel (Fig. 3A) and analyzed in the LTQ-Orbitrap-Velos mass
spectrometer. A total of 2722 spectral counts were assigned to
205 proteins of the M. perniciosa predicted protein database. As
shown in Fig. 3B, three unique MOX peptides were identified,
totaling 7% of protein coverage. This finding confirms that
M. pernciosa secretes this enzyme into the extracellular space,
despite the absence of a predicted secretory signal peptide in its

Table 2

Relative activity and K, values for MOX in different substrates.
Substrate Relative activity (%)* K (mM)
Methanol 100 17.3
Ethanol 88 21.2
2-Propanol 7 -

2 Activities are given relative to methanol.
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C. fulvum ADLSICPDNVGCNTYSTALLIGEKCAVLTAEDLGYTGRALDMRVPDYQ~ANREITGIE MR- 664
P. methanolica ADLSICPDNVGCNTYSTALLIGEKASTLVAEDLGYSGDALKMTVPNFKLGTYEEAG - 663
P. pastoris GDLSVCPDNVGCNTYTTALLIGEKTATLVGEDLGYTGEALDMTVPQFKLGTYEKTGLEN I3~ 663
Sequence 2 ADISICPANVAANTYSTALTIGEKAAVLI 593
Sequence 3 ADLSIAPLNVAANTYNTALIIGEKAALLIAEDLGLNELKV 576

Fig. 2. (A) Schematic alignment of the three sequences identified with the potential to encode methanol oxidase in the M. perniciosa genome, showing their amino acid length
and the presence of conserved domains. (B) Alignment of the C-terminal sequence of Mp-mox from M. perniciosa (GenBank ID: JX024739) with MOX from Gloeophyllum
trabeum (ABI14440.1), Coprinopsis cinerea (XP_001838223.2), Cladosporium fulvum (AAF82788.1), Pichia methanolica (AAF02494.1) and Pichia pastoris (AAB57850.1) and the
other two predicted sequences from M. perniciosa. The identical amino acid residues are indicated with asterisks. The specific C-terminal sequence present in MOX from the
basidiomycete species is labeled in gray, and the C-terminal peroxisomal targeting signal (PTS1) present in MOX from the ascomycetes and methylotrophic yeasts is labeled

in black.

hok: Kk k. kkk ckk .kkk . ok
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VANETFTTDDFLR

SPYVDPFFDSGFMNNK

70kDa

439-454 650
341-352

EIFAEWETSPEK

Fig. 3. MOX from M. perniciosa is an extracellular enzyme. (A) SDS-PAGE from M. perniciosa secretome indicating a 70-75 kDa band that was excised from the gel and
subjected to mass spectrometry analysis. (B) Mass spectrometry analysis identified three unique MOX peptides.

Table 3
Peptide sequences identified by mass spectrometry analysis.
Peptide sequence Spectral Charge m|/z MH + [Da]
counts
VANETFTTDDFLR 1 +2 764.8710 1528.7348
SPSPYVDPFFDSGFMNNK 1 +2 1032.9590 2064.9107
EIFAEWETSPEK 1 +2 733.3496 1465.6919

M - oxidation of methionine.

sequence. The peptide sequences, the number of spectral counts,
and their m/z are detailed in Table 3.

3.3. Mp-mox is upregulated in the presence of methanol and esterified
pectin

The relative expression of Mp-mox and Mp-pme transcripts was

measured by Real-time PCR in both biotrophic-like and necro-
trophic mycelia grown in vitro in the presence of glycerol, glucose,

Biotrophic-like mycelium

B MOX
PME

Relative expression
[o2]

6_
4,
T
2 ”
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Gly Glu Met Pol Pec
Necrotrophic mycelium
B 14 -
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12 4
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X
Q
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©
s 4
o o
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Fig. 4. Mp-mox and Mp-pme relative expression in the biotrophic-like and
necrotrophic mycelium from M. perniciosa grown in vitro and supplemented with
different sole carbon sources. Gly: glycerol; Glu, glucose; Met: methanol; Pol:
polygalacturonate (pectin DE 0%); Pec: pectin, DE > 85%. The values are means of
biological triplicates and the bars indicate the standard error of the mean. The data
were normalized to the B-actin gene and the condition Gly was considered as the
control of the experiment and was used to normalize the other conditions
expression values.
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methanol, polygalacturonate or pectin with 90% esterification. As
shown in Fig. 4, there was a 12- and 9-fold increase in the expres-
sion of Mp-mox in the biotrophic-like and necrotrophic mycelia,
respectively, in the presence of methanol when compared with
glycerol as the carbon source. This is consistent with the fact that
methanol is a substrate for MOX and a known inducer of its expres-
sion in other organisms (Ozimek et al., 2005). In the presence of
esterified pectin, both Mp-mox and Mp-pme genes were upregu-
lated. The expression of Mp-mox and Mp-pme was increased
approximately 10 and 9 times, respectively, in both types of myce-
lium. This result suggests that the methanol released during the
demethylation of pectin by the enzyme PME is a substrate for
MOX, which shows an increased level of expression. Interestingly,
in the presence of non-esterified pectin, neither gene was upregu-
lated, thus reinforcing the hypothesis that the demethylation of
pectin is a key process for Mp-mox and Mp-pme upregulation.
The lack of variation in gene expression between the biotrophic-
like and necrotrophic mycelia show that, although these mycelia
produce distinct symptoms in the progression of WBD, they may
exhibit similar characteristics when grown under the same condi-
tions in vitro. The expression of these genes in the presence of glu-
cose did not show any difference when compared to growth in
glycerol.

3.4. The reduction of the level of methyl esterification in infected cacao
seedlings is correlated with the higher levels of M. perniciosa Mp-pme
relative gene expression in planta

Mp-mox and Mp-pme relative expression in infected cacao
plants was measured by Real-time quantitative PCR. As described
in Section 2.1, 3-month-old cacao seedlings were infected with
M. perniciosa spores. The symptoms of WBD were observed and
the plants were harvested according to the progression of the dis-
ease: asymptomatic, green broom 1, green broom 2 and necrosis.
As shown in Fig. 5A, Mp-mox and Mp-pme are coregulated during
the progression of WBD in the stages analyzed. The relative expres-
sion of both genes is reduced in the green broom phase compared
with the asymptomatic stage and increases during the necrosis
stage, when the expression of both genes reaches their highest
level.

Spores of M. perniciosa infect cacao plants as biotrophic mycelia,
which grow slowly and at low densities in the infected plants. As
the disease progresses, the amount of fungal material in planta in-
creases, reaching a maximum at the late stages of the dry broom
phase when the necrotrophic mycelia completely colonizes the in-
fected tissues (Evans, 1978; Frias et al., 1991; Griffith and Hedger,
1994). Fig. 5B shows the amplification plots and Ct, with a thresh-
old of 0.1, for the housekeeping gene a-tubulin in the four stages of
WBD analyzed. The C; difference for the a-tubulin gene between
the asymptomatic (C;=30) and the necrosis phase (C;=23) indi-
cates that there is approximately 100 times more fungal material
in the infected plants during the necrosis phase than in the previ-
ous stages. The relatively higher Mp-mox and Mp-pme expression
levels in the necrosis phase, in conjunction with the higher number
of mycelia infecting the plants during this phase, led us to hypoth-
esize that the final quantity of the transcripts of these genes and,
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Fig. 5. (A) Mp-mox and Mp-pme relative expression in planta in different stages of the progression of WBD: AST, asymptomatic; GB1: green broom 1; GB2, green broom 2 and
NEC: necrosis. The values are means of biological triplicates and the bars indicate the standard error of the mean. The data were normalized to the o-tubulin gene and the
condition GB2 was used to normalize the other conditions expression values. (B) Amplification plots of the a-tubulin gene in the four stages of the progression of WBD
analyzed, with a threshold of 0.1, showing an increase of the amount of fungal material infecting cacao in the late stages of the disease; (C) Immunofluorescence detection of
the pectic homogalacturonan domain in infected and non-infected cacao seedlings (stem tissues in transverse section). Infected asymptomatic plants (2, 6 and 10) and same
age non-infected plants (1, 5 and 9); infected necrotic plants (4, 8, and 12) and same age non-infected plants (3, 7 and 11). Bar = 25 pm.

possibly, their protein products, would be even higher in the in-
fected plants.

Because PMEs remove the methyl esters from the pectin back-
bone, we decided to test this hypothesis by analyzing the level of
methyl esterification present in the cell walls of infected cacao
seedlings during the asymptomatic and necrotic stages and their
respective non-infected same age controls. If there is a higher level
of PME enzyme due to the combined effect of the upregulation of
Mp-pme during the necrotrophic stage and the greater amount of
fungal material present in this stage, there should be an inverse
correlation with the degree of pectin methyl esterification in the
cell wall of infected plants at this stage.

As mentioned in Section 2.6, the monoclonal antibodies JIM5
and JIM7 were used in this work to characterize the level of methyl
esterification in the pectic domain homogalacturonan. JIM5 recog-
nizes pectin with low DE (0-40%) and JIM7 labels pectin with high
esterification content (15-80%) (Willats et al., 2000).

As shown in Fig. 5C, strong JIM7 labeling was observed in the
infected and non-infected asymptomatic samples analyzed
(Fig. 4C: 1 and 2); however, comparing the negative control sam-
ples (Fig. 5C: 9 and 10), which were labeled only with the second-
ary antibody, with the samples treated with JIM5 (Fig. 5C: 5 and 6),
no JIM5 labeling is observed in the treated samples. JIM5 and JIM7
are able to unspecifically label pectic domains with 15-40% DE.
Therefore, the fact that the samples were labeled only by JIM7
indicates that both infected asymptomatic and its same age

non-infected control present a high degree of methyl esterification
(>40%).

On the other hand, infected plants showing necrosis and their
non-infected same age controls show an inverse pattern of methyl
esterification: the comparison between the negative control
(Fig. 5C: 11) and the samples treated with the primary antibodies
leads to the conclusion that non-infected plants were strongly la-
beled by JIM7 and were not labeled by JIM5 (Fig. 5C: 3 and 7).
These data indicate a high level of methyl esterification, while in-
fected plants were strongly marked by JIM5 and weakly by JIM7
(Fig. 5C: 4 and 8), in comparison to their negative control (Fig. 5:
12), thus indicating a low level of methyl esterification. The appar-
ent labeling of some samples from the negative control is related
with their auto fluorescence.

These results, in conjunction with the M. perniciosa Mp-pme
expression in planta (Fig. 5A) and the higher amount of fungal
material present in the infected tissues (Fig. 5B), strongly suggest
a participation of the fungal PME enzyme in the demethylation
process of cacao pectin during the necrotrophic stage of WBD.

4. Discussion

Methanol oxidase has been primarily studied in the methylo-
trophic yeasts Pichia, Candida, Hansenula, and Torulopsis (Veenhuis
et al, 1983). The capability of these organisms to grow on
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methanol as the sole carbon source is due to the production of
large amounts of MOX; in the presence of methanol, MOX can
reach 30% of the total soluble protein produced by these organisms
(Giuseppin et al., 1988). However, very little is known about this
enzyme among the basidiomycete and/or phytopathogenic fungal
species.

In this study, we describe an extracellular methanol oxidase
from the phytopathogenic basidiomycete species M. perniciosa.
The deduced 650 amino acid sequence shows 51-53% identity
and 65-67% similarity to MOX from methylotrophic yeasts and
ascomycete species and 85-89% identity and 93-95% similarity
to other basidiomycete species, indicating that this enzyme is
highly conserved among the basidiomycetes.

MOX is a classical peroxisomal enzyme. In methylotrophic
yeasts and ascomycetes, the enzyme is produced in the cytosol
as 70-75 kDa monomers and post-transcriptionally imported into
the peroxisomes, where they are assembled into active octamers
(Gunkel et al., 2004). The importation of the protein into the per-
oxisomes is generally triggered by the recognition of peroxisome
targeting signals (PTS) present in the sequence of imported pro-
teins by peroxin (PEX) receptors. PTS1, a C-terminal tripeptide mo-
tif, that generally complies with the consensus sequence (S/A/C)(K/
R/H)(L/M), is recognized by the protein Pex5p (Gould et al., 1987;
Waterham et al., 1997). PTS2, recognized by the peroxin Pex7p,
is a N-terminal sequence formed by a very general sequence, (R/
K)(L/V/I)X5(H/Q)(L/A), that is present in just a few peroxisomal en-
zymes (Lazarow, 2006). M. perniciosa methanol oxidase, as shown
in Fig. 2, lacks both PTS1 and PTS2 sites, which is in agreement
with the enzyme activity assays and mass spectrometry analysis
showing that this enzyme is secreted to the extracellular space.

To date, the only described extracellular MOX belongs to the lig-
nin-degrading basidiomycete G. trabeum (Daniel et al., 2007). How-
ever, the protein sequence lacks any clear secretion signal. The
authors suggested that the differences in MOX targeting compared
with the known yeast peroxisomal localization were traced to a
unique C-terminal sequence of the G. trabeum enzyme, which is
apparently responsible for the protein’s extracellular translocation.
M. perniciosa MOX contains an identical C-terminal sequence when
compared to G. trabeum and predicted MOX from other basidiomy-
cetes that are completely different from the known peroxisomal
MOX. Because M. perniciosa MOX also lacks a predicted secretion
signal, we suggest that its unique C-terminal sequence is the signal
component that leads to the translocation of this enzyme to a
secretory pathway, given that this is the only significant sequence
difference between M. perniciosa and other basidiomycete MOX
compared with the yeast and ascomycete peroxisomal mox genes.

In methylotrophic yeasts, methanol oxidase is regulated at the
transcriptional level by a repression and/or derepression mecha-
nism (Ozimek et al., 2005). In P. angusta, the expression of mox is
subject to a strong carbon catabolite repression, as the mox gene
is completely repressed by growth on glucose; this substrate inhib-
its peroxisome proliferation, even in the presence of methanol. On
the other hand, mox transcripts are detected when cells are grown
on methanol or glycerol as the sole carbon sources (Roggenkamp et
al., 1984; Veenhuis et al., 1983). In M. perniciosa, the Mp-mox gene
is detected when the mycelia is grown in vitro in glycerol and
strongly induced in the presence of methanol, in both biotrophic-
like and necrotrophic mycelia (Fig. 4). However, gene repression
is not observed because the mycelia grown in glucose express
Mp-mox at a similar magnitude as when grown in glycerol.

The analysis of the M. perniciosa genome revealed that the
fungus possesses all the genes classically related to the methanol
degradation pathway (GenBank ID: JX024739-]X024749). RNA-
seq-based transcriptome analysis showed that all of these genes
are upregulated in the necrotrophic mycelia supplemented with
methanol when compared to those supplemented with glycerol.
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Table 4

Prediction of the subcellular localization of the enzymes involved in the methanol
metabolism pathway in M. perniciosa. Catalase and pectin methylesterase are predicted
as secreted; the other enzymes are predicted as cytoplasmatic, except for OAH,
predicted as mitochondrial. However, MOX is as secreted protein, as show in Section
3.2, despite the absence of a predicted signal peptide. Abbreviations: cyto, cytoplas-
matic; nucl, nuclear; pero, peroxisomal; extr, extracellular, mito, mitochondrial.

Gene SignalP  Psort prediction PeroxiP

MOX N cyto: 19.0, cyto_nucl: 11.5, pero: 4.0, nucl: 2.0 N

CAT Y extr: 23.0, mito: 3.0 N

FMDH N cyto: 26.0 N

FDH N cyto: 15.5, cyto_nucl: 8.5, E.R.: 4.0, mito: 3.0, N
extr: 3.0

DHAS N cyto: 16.0, cyto_nucl: 9.5, pero: 5.0, extr: 3.0 N

DHAK N cyto: 21.5, cyto_nucl: 11.5, extr: 5.0 N

FBPA N cyto: 24.5, cyto_nucl: 13.5 N

FBPT N cyto: 17.0, cyto_nucl: 15.3, cyto_mito: 10.5, N
extr: 2.0

OAH N mito: 11.0, cyto: 5.0, plas: 3.0, extr: 3.0, pero: N
3.0

PME Y extr: 26.0 N

Based on the values of gene expression and the prediction of the
subcellular location of the methanol pathway enzymes, performed
by the software SignalP, Psortll and PeroxiP (Table 4), we propose a
peroxisome-independent model for methanol degradation in M.
perniciosa (Fig. 6). According to our model, the methanol released
by pectin demethylation is oxidized by an extracellular methanol
oxidase, generating formaldehyde and hydrogen peroxide. The per-
oxide generated may be degraded by an extracellular catalase
(CAT) or by a secreted DyP peroxidase (PER), that uses iron ions
as co factors. The resulting formaldehyde may be subjected to oxi-
dation by the enzymes formaldehyde dehydrogenase (FMDH) and
a NAD-dependent formate dehydrogenase (FDH), generating car-
bon dioxide. It may also be incorporated in the dihydroxyacetone
(DHA) pathway, comprising the enzymes dihydroxyacetone syn-
thase (DHAS), dihydroxyacetone kinase (DHAK), fructose-bisphos-
phate aldolase (FBPA) and fructose-bisphosphatase (FBPT), whose
products are incorporated into the pentose phosphate pathway.
One of the subproducts of the DHA pathway is glyceraldehyde 3-
phosphate, which can be a precursor for the synthesis of oxaloac-
etate. Oxaloacetate, an intermediate of the tricarboxylic acid cycle,
is also a substrate for the enzyme oxaloacetate acetyl hydrolase
(OAH), which generates oxalate. Oxalate is known for its capability
to remove calcium ions from the structure of pectin, forming cal-
cium oxalate crystals and allowing further enzymatic pectin degra-
dation by PCWD (Guimaraes and Stotz, 2004). The production of
calcium oxalate crystals by M. perniciosa necrotrophic mycelia
has been previously reported (Rio et al., 2008).

As higher levels of gene expression may correlate to higher
amounts of protein produced, we suggest that in M. perniciosa,
the formaldehyde generated from methanol metabolism is prefer-
entially metabolized by the enzymes FMDH and FDH due to the
higher values of RPKM and the fold change when compared with
the values of the DHA pathway. Formaldehyde metabolized by
the DHA pathway is used in the production of cell constituents used
for cell growth and proliferation; on the other hand, its use by FDH
and FMDH generates NADH, used as an electron donor for the gen-
eration of energy. However, at least a part of the formaldehyde gen-
erated is metabolized by the DHA pathway, allowing M. perniciosa
to grow in methanol as sole carbon source; if all the formaldehyde
was metabolized by the FDH and FMDH pathway, no growth on
methanol as the sole carbon source would be observed.

In methylotrophic yeasts, the peroxide generated in the
peroxisomes by methanol oxidation is decomposed by a catalase
(Yurimoto et al., 2011). Because M. pernciosa methanol metabolism
occurs in the extracellular space, we investigated the presence of an
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extracellular catalase. As shown in Fig. 6, a catalase showing a clear
predicted secretory signal (Table 4) is slightly induced in the
presence of methanol and its activity is detected in the fungal cul-
ture supernatants (data not shown), indicating a possible role in the
degradation of the peroxide generated. Moreover, M. perniciosa
possesses several peroxidases that are predicted to be secreted,
which may also participate in peroxide degradation. One of these
peroxidases is induced in the methanol RNA-seq libraries, as shown
in Fig. 6. A Dyp peroxidase, which uses iron ions as cofactors, shows
a 4-fold increase in its expression when M. perniciosa is supple-
mented with methanol compared with supplemented with glyc-
erol. In known plant-pathogen models involving wood-degrading
fungal species, such as Postia placenta, Phanerochaete chrysosporium
and G. trabeum, secreted peroxidases are related to lignin degrada-
tion (Daniel et al., 2007; Wymelenberg et al.,, 2010). Moreover,
extracellular sources of hydrogen peroxide, such as that generated
by methanol oxidation are related to lignin degradation via the
Fenton reaction: H,0, + Fe?* + H'* = OH + Fe3* + H,0. The hydroxyl
radicals generated by this reaction ("OH) are able to penetrate the
plant cells of infected hosts and act as depolymerizing agents, thus
causing extensive cell damage (Schlosser et al., 2000). The necrosis
observed in the dry broom phase of WBD as a consequence of plant
cell death may be caused by, among other factors, lignin
degradation via peroxidases and/or the Fenton reaction. Although
M. perniciosa is not a classical wood-degrading phytopathogen,
studies have revealed that this species is probably derived from a
saprotrophic ancestral (Aime and Phillips-Mora, 2005; Tiburcio et
al., 2010); thus, M. perniciosa may have retained its ability to de-
grade wood.

As shown in Fig. 4, in addition to methanol, MOX expression is
also induced in the presence of esterified pectin. Our results show a
correlation between the expression of Mp-mox and Mp-pme in M.
perniciosa mycelia grown in esterified pectin, suggesting methanol
utilization provided by pectin degradation. Interestingly, both
genes also exhibit a transcriptional correlation in infected cacao
seedlings at the different stages of the progression of WBD that
were analyzed. In plants, one of the main sources of methanol is
pectin, which is the main constituent of primary cell walls and
the middle lamellae of higher plant cells (Nakagawa et al., 2000;
Pelloux et al., 2007). The differential expression of Mp-mox and
Mp-pme during the progression of WBD suggests an important role
for these genes in the development of the disease, especially during
the beginning of necrosis when the mycelia turn necrotrophic and
invade the plant cells. The higher relative expression of MOX and
PME, in conjunction with the lower level of methyl esterification
in the beginning of necrosis, as shown in Fig. 5 by a weak JIM7
labeling and strong JIM5 labeling (Fig. 5C: 3 and 7), may be key
steps in the beginning of cell invasion by the mycelia, given that
the activity of PME allows further action of other PCWD, such as
polygalacturonases and cellulases.

Although PMEs are constantly reported to be pathogenicity
factors, because disruption of the pme gene in fungi like B. cinerea
reduces virulence in their respective plant hosts (Valette-Collet et
al,, 2003), very little is known about the importance of MOX for
pathogenicity. The only well-described case refers to the
ascomycete fungus C. fulvum, in which the deletion of the methanol
oxidase gene reduced its virulence in tomato leaves; however, the
mechanism of MOX in the pathogenicity of this fungus remained
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uncertain (Segers et al.,, 2001). In phytopathogenicity, MOX has
been related to lignin degradation instead of the pectin degrada-
tion as proposed in this work. In the wood-degrading basidiomyce-
tes, such as P. placenta and G. trabeum, MOX is suggested to
generate the hydrogen peroxide used for Fentons reaction (Daniel
et al., 2007; Martinez et al., 2009). Although we cannot discard the
possibility that MOX participates in Fentofis reaction, providing the
extracellular hydrogen peroxide used for Fentofis reaction, our
data strongly suggest that M. perniciosa methanol oxidase is related
to the pectin degradation. Moreover, as M. perniciosa is able to
grow on methanol as the sole carbon source and possesses the
complete pathway for methanol degradation, we also suggest that
this fungus utilizes methanol as an energy source, similar to the
methylotrophic yeast species. This is in contrast to wood-degrad-
ing fungal species, in which methanol degradation is only de-
scribed as an provider of extracellular generator of hydrogen
peroxide (Daniel et al., 2007). Lastly, MOX also uses ethanol as a
substrate; in plants, ethanol is derived from fermentative growth
on sugars and used as a carbon source via acetaldehyde and the
TCA cycle; however, we carefully inspected over 80 RNA-seq li-
braries and have found no metabolism compatible with ethanol
production by the plant (data not shown); on the other hand, our
results show evidences for the presence of methanol and for that
reason we consider that this is the substrate utilized by the pro-
posed pathway. The disruption of the Mp-mox and Mp-pme genes
from M. pernciosa would be a key next step in confirming the role
of these two enzymes in the establishment of WBD and will be per-
formed as soon as gene disruption techniques are developed for M.
perniciosa.

5. Conclusions

In this work, we demonstrate that M. perniciosa produces a
methanol oxidase that is secreted into the extracellular space.
The relative expression of this methanol oxidase in vitro and in
planta is correlated with the Mp-pme expression levels and with
the reduction in the level of methyl esterification observed in in-
fected cacao plants, suggesting that this fungus metabolizes the
methanol generated by pectin degradation. Moreover, we propose
a peroxisomal-independent methanol metabolism pathway for M.
perniciosa, which begins in the extracellular space and ends in
the cytosol.
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