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RESUMO

Moniliophthora perniciosa ¢ um basidiomiceto hemibiotréfico patogénico ao cacaueiro e
outras espécies vegetais. Sua agcédo na planta consiste em provocar superbrotamentos,
epinastia, hiperplasia e, por fim, necrose de tecidos, que passam a ser a matéria prima para
a produgado de seus esporos, no interior de estruturas chamadas basidiomatas. A proposta
deste trabalho foi entender como o fungo se prepara para a producédo de basidiomatas e que
genes podem estar relacionados a esse processo. Para isso, foram feitas analises
morfolégicas do micélio anterior a emergéncia de basidiomatas com o auxilio de
estereomicroscopia, microscopia de luz e microscopia de varredura. As modificagdes
apresentadas pelo micélio antes de sua frutificagdo mostram um comportamento similar ao
de outros Agaricales. Modificacbes e aspecto das hifas, e a formacdo de uma camada
superficial a partir de fusdo de hifas, foram correlacionadas a emergéncia de primérdios. As
fases de nédulo hifal, agregado, primérdio inicial e primérdio diferenciado foram detectadas.
A analise morfolégica permitiu, também, inferir aspectos morfogenéticos. Para a andlise dos
genes envolvidos foi feita uma biblioteca de cDNA representativa de toda a fase de
frutificac@o do fungo. Os 2759 ESTs (Expressed Sequence Tags) foram analisados in silico
para a busca de genes candidatos. A expressdo génica foi avaliada para alguns ESTs
selecionados. Um macroarranjo foi feito com 192 clones e hibridizado com cDNAs obtidos do
micélio em momentos anteriores a formacgédo dos basidiomatas. Adicionalmente, doze genes
candidatos foram analisados por RT-qPCR. A anadlise in silico da biblioteca possibilitou a
identificacdo de 1533 unigenes dos 2759 cromatogramas produzidos. Destes, 981
apresentaram similaridade a genes com fungbes conhecidas e 1374 foram presentes
também no genoma de M. perniciosa, indicando que algumas das seqUéncias sem
similaridade nos bancos de dados analisados podem ser genes ainda ndo descritos em

outras espécies. Foram identificados provaveis genes que codificam para hemolisinas,
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hidrofobinas, citocromo p450 monoxigenase, ciclofilinas, o-merilstigmato oxigenase, dentre
outros, comuns em basidiomicetos durante o desenvolvimento de basidiomatas. A analise da
abundancia de transcritos mostrou 25 genes que tiveram um pico de expressdo no micelio
com primoérdios e 43 mais abundantes nesta mesma fase e também em basidiomatas
maduros. Os doze genes analisados por RT-qPCR mostraram perfis mais detalhados de
expressdo e indicaram a ativacdo da producao inicial de basidiomatas ainda na fase de
micélio rosa avermelhado, coincidindo com os dados morfolégicos. As seqiiéncias da
biblioteca foram também utilizadas para a identificagdo de genes no genoma. Cerca de
14.000 genes foram preditos nesse fungo, sendo que os ESTs gerados neste trabalho
contribuiram para essa identificacdo e também para a determinagéo do padréo de introns do
fungo. A identificacdo de genes presentes nessa fase do ciclo de vida do M. perniciosa abre
caminho para estudos genéticos de processos biologicos que levam a frutificagdo em
basidiomicetos. Este é o primeiro estudo morfolégico comparando o desenvolvimento inicial
de basidiomatas in vivo e in vitro de M. perniciosa e a primeira descricdo de genes expressos

nessa fase do ciclo de vida fungo.
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ABSTRACT

Moniliophthora perniciosa is a hemibiotrophic basidiomycete that infects cocoa and other
plant species. The symptoms in the infected plants range from secondary growth, epinasty,
hyperplasia and finally necrosis of tissues. The dead tissues are the raw material to produce
spores within structures called basidiomatas. The purpose of this study was to understand
how the fungus is preparing itself to produce the reproductive structures (basidiomatas) and
which genes are related to that process. Morphological analysis of mycelium prior to
emergence of basidiomatas was conduced by stereomicroscopy, light microscopy and
scanning electron microscopy. To analyze the genes involved in basidiomata development,
RNA from previous and fructification phases in artificial medium were used to create a
representative cDNA library of the fungus. The 2759 ESTs (expressed sequence tags)
obtained were analyzed in silico searching for candidate genes. The gene expression was
evaluated for some selected ESTs. A macroarray analysis was performed with 192 selected
clones and hybridized with RNAs extracted from mycelium in different phases during
basidiomata formation. In addition, twelve candidate genes were analyzed by RT-qPCR. The
morphological changes observed for the mycelium prior fructification show a pattern similar to
other members of the order Agaricales. Changes and appearance of hyphae forming a
surface layer from the fusion of hyphae were correlated with the emergence of primordia. The
stages of nodule hifal, aggregate, initial primordium and differentiated primordium were
detected. Morphological analysis has also inferred morphogenetic aspects. The in silico
analysis of the library enabled the identification of 1,533 unigenes of 2,759 chromatograms
produced. Of these 981 showed similarities to genes with known functions, and 1,374 were
also present in the genome of M. perniciosa, indicating that some of the sequences without

similarity in the databases can be analyzed genes not yet described. We identified candidate



genes that encode for hemolysin, hydrophobins, P450 monoxygenase, cyclophilin the
merilstigmato-oxygenase, among others, also common in fungi during fruiting. The analysis of
the abundance of transcripts showed that 25 genes had a peak of expression in mycelium
with primordia with 43 and more abundant in this phase and also in mature basidiomatas.
The twelve genes analyzed by RT-gPCR showed more detailed profiles of expression and
indicated the activation of the initial production of basidiomatas still in reddish pink mycelium,
correlates with the morphological data. The sequences of the library were also used to
identify genes in the genome. Approximately 14,000 genes were predicted in this fungus, and
the ESTs generated here contributed to this identification and also for determining the pattern
of the fungus introns. The identification of genes present in this phase of the life cycle of M.
perniciosa opens for new possibilities to control the spread of the fungus and also for genetic
studies of biological processes that lead to fruiting in basidiomycetes. This is the first
morphologic study of comparing both in vivo and in vitro early development of basidiomatas
of M. perniciosa and the first description of genes expressed at that stage of the life cycle of

this fungus.
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INTRODUCAO GERAL

A acdo saprofitica dos fungos ¢ extremamente benéfica para a vida na terra. Eles sdo
grandes recicladores e tém importancia fundamental nos ecossistemas florestais. Além disso,
sdo fontes valiosissimas de compostos quimicos, tais como antibioticos, vitaminas e outras
drogas (Alexopoulos, 1996). Entretanto, alguns desses decompositores evoluiram para um
estilo de vida ambiguo, passando parte do seu ciclo dentro de hospedeiros e parte decompondo
a propria espécie que induziu a morte! Este ¢ o caso de fungos hemibiotréficos, como
Moniliophthora perniciosa (Sthael) Aime e Philips-Mora. Esse patogeno ¢ o causador da
doenga Vassoura-de-bruxa, que ocorre em cacaueiros (Purdy e Smidth, 1996). O interessante ¢
que ele coexiste com a planta afetada, sobrevivendo por algum tempo no seu interior nos
espacos intercelulares, até que, como conseqiiéncia dessa interagdo, induz a morte de alguns ou
de todos os ramos da planta infectada. Neste momento, o referido patogeno apresenta-se como
saprofitico, funcionando como reciclador dessa matéria morta e, a0 mesmo tempo, garantindo a
sua sobrevivéncia com a produgdo de seus propagulos infectivos, os esporos (Meinhardt et al,
2008).

M. perniciosa pertence ao filo Basidiomycota, que tem como caracteristica principal a
producdo de esporos sexuais denominados basididsporos em estruturas microscopicas
especializadas chamadas basidias. Os basidiosporos sdo formados por plasmogamia,
cariogamia ¢ meiose, sendo os dois ultimos de ocorréncia nas basidias. Cada basidia produz

tipicamente quatro basidiosporos e estes sdo hapldides, podendo ser uninuclueados ou

binucleados entre as espécies (Alexopoulos, 1996). Com relagdo as estruturas microscopicas, a



presenga de grampos de conexdo e basidiosporos usualmente do tipo balistosporo sdo
caracteristicas presentes em Basidiomicetos (Carlile et al., 2001).

O geénero Moniliophthora, apos a reclassificagdo filogenética, passou a pertencer a
familia Marasmiaceae (Phillips-Mora, 2005). Essa familia pertence a ordem Agaricales,
caracterizada pela produgdo de estruturas macroscopicas denominadas basidiomatas que
abrigam as basidias (Alexopoulos, 1996). Numa recente reclassificacdo baseada em analises de
sequéncias de DNA, o parentesco entre espécies dessa ordem foi re-analisado e a familia
Marasmiaceae ficou agrupada num clado chamado Marasmioid, ao qual pertencem os fungos
gileados, saprofiticos, produtores de esporos brancos, além dos que possuem forma cifeloide,
ressupinata ¢ do tipo clube (Matheny et al., 2006). Membros dessa familia possuem estipe,
estatura marasmioide (tamanho pequeno), presenga de pelos dextrindides no ‘pileipellis’
(Singer, 1942) e produzem basidiomatas com pigmentos da cor purpura, violeta ou vermelho
que ndo mudam de cor na presenca do KOH (Singer, 1976; 1986).

Os trés estagios do micélio, que normalmente ocorrem em basidiomicetos
(Alexopoulus, 1996), também estdo presentes no biotipo C de M. perniciosa (Figura 1), que
infecta os cacaueiros (Evans, 1978 e Bastos et al., 1988). O micélio primario desenvolve-se a
partir da germinagdo de esporos em tecidos meristematicos da planta infectada (Aragundi,
1982; Delgado e Cook, 1976; Evans, 1980). Em cacaueiros, esse tipo de micélio ¢ encontrado
nos tecidos com hiperplasia e hipertrofia, denominados ‘vassouras vegetativas’ ou ‘vassouras
verdes’, que podem ser terminais, axilares ou de almofada floral. Também ¢ encontrado em
todos os outros tecidos infectados pelo fungo na fase inicial da doenga (Silva et al., 2002; Silva
e Matsuoka, 1999). As hifas desse micélio sdo monocarioticas, t€ém espessura entre 5 ¢ 8§ um,
ndo possuem grampo de conexdo e ocupam os espagos intercelulares (Evans, 1980). Quando

esporos sdo colocados em agua para germinar, a transi¢do de micélio primario para secundario



ocorre rapidamente e isso s6 pode ser retardado se esses esporos forem mantidos em solugéo
contendo glicerol como fonte de carbono e nenhuma fonte de nitrogénio (Meinhardt et al.,
2006).

O estagio secundario do micélio ocorre quando as hifas formam grampos de conex@o e
se tornam dicarioticas (Figura 1). Elas tornam-se mais finas (entre 1 a 3 um) e invadem as
células vegetais. Esse micélio pode ser mantido in vitro por muito tempo, desde que a cultura
seja renovada periodicamente (Rocha, 1983), mas ndo representa o fungo no estdgio em que
induz os sintomas na planta, por esse motivo analises sobre a intera¢do do fungo com a planta
devem ser feitas no micélio primario. O micélio de M. perniciosa parece ser homotalico
primario (Griffith e Hedger, 1994), porque foram observados grampos de conexdo em culturas
monospdricas (Baker e Cowdy, 1943), dicariotizagdo a partir de hifas monocarioticas derivadas
de culturas monosporicas (Delgado e Cook, 1976) e producdo de basidiomatas a partir de
culturas monosporicas (Purdy, 1983).

O estagio tercidrio do micélio de basidiomicetos € representado por tecidos organizados
e especializados chamados basidiomatas (Figura 1), que ocorrem em espécies fungicas mais
complexas (Alexopoulos, 1996). Essas estruturas sdo multicelulares e seu desenvolvimento
requer processos de diferencia¢do, em alguns momentos semelhantes aos de outros eucariotos
mais complexos (Moore, 1998). Entretanto, embora as hifas possuam parede celular, a sua
morfogénese segue um padrdo diferente das células vegetais, por possuirem modo de
crescimento apical e ramificagdo apenas na dire¢do perpendicular do eixo principal. Assim,
para a proliferagdo celular, que ocorre por ramificacdo de hifas e por consequiente aumento de
apices, ¢ necessario um controle da direcdo de crescimento das hifas (Moore, 1998).

Os basidiomatas originam-se de uma unica hifa ou de varias hifas que se ramificam

para formar um aglomerado compacto. As estruturas formadas a partir desses aglomerados



mostram diferenciagdo celular e adesdo entre si. Deste modo, sdo células agrupadas
ordenadamente, porém independentes, isto ¢, ndo possuem contato lateral como
plasmodesmatas, jungdes conectantes ou outras estruturas semelhantes que ocorrem em plantas
e animais (Moore, 1998). Isso sugere que os sinais para a diferenciagdo devem ser propagados
pelo ambiente extracelular, enquanto em plantas ocorre com freqii€éncia a comunicacdo de
sinais entre células.

O desenvolvimento de basidiomatas em Coprinopsis cinereus ocorre a partir de uma
hifa que se ramifica intensamente e forma um pequeno aglomerado chamado ‘n¢ hifal” (Kues,
2000). Ao longo do micélio secundario apto para o desenvolvimento de basidiomatas, varios
desses ‘nds hifais” podem ser percebidos. Esses nos progridem para o segundo estagio do
desenvolvimento, com a formagdo de um aglomerado maior de hifas compactas sem forma
definida. As hifas desses aglomerados sdo globosas e infladas. A diferenciacdo ocorre nesse
estagio, e a estrutura ¢ chamada de ‘primordio bolha’. As hifas crescem em paralelo, em
direcdo perpendicular ao micélio original, e com adesdo entre si. Grupos de hifas se
diferenciam, originando tecidos que formardo o pileo ¢ a estipe. A meiose, para formagdo dos
basididésporos também ocorre nesse estagio (Figura 2). A seguir, o primodrdio diferenciado sofre
apenas alongamento celular para o seu desenvolvimento até basidiomatas maduros (Kiies,
2000).

O desenvolvimento dessas estruturas em outros basidiomicetos segue padrdes
semelhantes. Em Laccaria spp., o estagio inicial de basidiomatas ¢ caracterizado pela presenca
de pequenos anéis de hifas (Figura 3). Hifas adjacentes a esses anéis se ramificam e se tornam
com aparéncia muito irregular, formando posteriormente um aglomerado que contém muitos

apices voltados para o centro da massa micelial. O nucleo central desse aglomerado se



desenvolve em um primordio que se diferencia a seguir e se torna um basidiomata maduro
(Massicote et al., 2005).

Em Mycena stylobates, o primeiro estdgio detectado do desenvolvimento de
basidiomatas foi o de aglomerado, abaixo da superficie. Posteriormente, este aglomerado
aumenta e emerge (Whalter et al., 2001). A diferenciagdo, mostrada em detalhes por esses
autores, ocorre apos a emergéncia, quando as hifas das laterais do aglomerado comecam a se
separar das hifas centrais, por um crescimento desigual ¢ encurvamento para o centro. A partir
desse momento, as hifas centrais continuam a diferenciagdo, formando no apice o pileo e no
centro e abaixo, a estipe (Figura 4).

O desenvolvimento de basidiomata também foi observado em Agaricus bisporus
(Heckmann et al., 1989). Os autores constataram alteragdes no micélio que antecedem a
frutificacdo e classificaram-no em 3 estagios. No estagio 1, as hifas inicialmente apresentaram-
se em forma de filetes, com pequenas ramifica¢des e a seguir foi observada fusdo lateral de
hifas. Varias hifas aparentaram-se fundidas, dando um aspecto de placas formadas a partir de
hifas vazias e aderidas entre si. Um material mucilaginoso foi observado entre hifas
individuais. Ocorreu também a presenca de hifas ornamentadas com pequenas projecdes de
material da propria parede celular. O estagio 2 do micélio foi caracterizado pela consolidagéo
de numerosas hifas em estruturas visiveis a olho nu denominadas ‘corddes’, com aparéncia de
placas em alguns locais ou emaranhado de hifas agrupadas em outros. Muitas hifas desses
‘corddes’ apresentavam-se vazias e¢ a dire¢do delas ndo era uniforme. O terceiro estagio do
micélio foi caracterizado pela presenca dos primordios formados a partir da jungdo de varios
desses ‘corddes’.

A ontogenia de basidiomatas envolve diferenciagdo celular, porém de modo distinto de

animais e plantas. A visdo superficial da formagdo dos basidiomatas lembra o desenvolvimento



de brotos florais, com a formag¢do de camadas que se sobrepdem a um nucleo central e o
encurvamento de células em determinadas dire¢des. Também lembra o desenvolvimento em
animais, com a utilizagdo de sinais propagados entre as células. Entretanto, possui eventos bem
distintos que devem ser especificos de fungos. Assim, os genes envolvidos na indugdo e
formagdo dessas estruturas s@o interessantes, pois processos semelhantes a plantas ou animais
podem estar ocorrendo e comparagdes podem ser realizadas para aumentar a compreensio de
tais eventos. Por outro lado, processos bem diferentes podem estar ocorrendo e isso ajudara a

explicar o estilo de vida desses fungos.
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Figura 1. Ciclo de vida do fungo Moniliophthora perniciosa biétipo C. Plantas de cacau
(Theobroma cacao) sdo infectadas a partir de meristemas. O fungo cresce inicialmente nos
espagos intercelulares e posteriormente muda de fase tornando-se dicaridtico pela formagdo de
grampos de conexdo. Os tecidos necrosados servem de substrato para o desenvolvimento dos
basidiomatas onde sdo formados os basidiosporos. Estes, por sua vez, ddo inicio a um novo

ciclo ao germinarem e penetrarem em tecidos meristematicos.



Lamelas com himénio
Meristemnodide

Hifas conectando estipe e pileo
Tecido da estipe

Plecténquima basal

Figura 2. Desenvolvimento inicial de basidiomatas de C. cinerea. Da esquerda para a
direita: nds hifais, primdrdio e representacdo esquematica de um corte tangencial em um

primordio, mostrando a organizacdo dos tecidos.



Figura 3. Inicio do desenvolvimento de basidiomatas em Laccaria sp. Inicialmente as hifas
assumem a forma anelar (A), seguida de ramificagdes em redor (B). Em sequéncia, forma-se
um aglomerado compacto (C) com hifas concéntricas (setas) que depois crescem verticalmente
a partir do centro (D). Esta figura faz parte do artigo de autoria de Massicote e colaboradores

(2005).



Il estadlo de diferenclacio Il estaglo de diferenclagéo
g ¢ Primérdio completo

Figura 4. Emergéncia e estagios de diferenciacio de basidiomatas em M. stylobates.
Inicialmente hifas se aglomeram abaixo da superficie do meio (A) e o aglomerado emerge
contendo hifas que crescem em dire¢do ao apice central (B). A seguir (C-G) podem ser
observados estagios de diferenciacdo do primordio que culminam na formagdo da estipe e do

pileo. Estas fotos foram descritas no artigo de autoria de Walter e colaboradores (2001).
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O primeiro evento genético determinante para a frutificagdo em basidiomicetos ¢ a
dicariotizacdo das hifas e consequente transformag¢do do micélio primario em secundario
(Kues, 2000). Esse evento ¢ regulado por genes de cruzamento (‘mating-types’), que sdo
responsivos a fatores ambientais (Kues, 2000; Bahn et al., 2007). Basidiomicetos homotalicos,
como M. perniciosa, ndo possuem hifas diferentes e por isso o cruzamento entre hifas ndo
precede a frutificagdo. Entretanto, foram detectados genes homologos aos de cruzamento em
outros fungos. Neste caso, ¢ possivel que eles atuem na formagdo dos grampos de conexdo para
a formacdo dos dicarions e, de fato, esse evento ocorre antes da frutificagdo (Mondego et al.,
2008).

Uma vez em estagio saprofitico, o micélio frutifica em resposta a fatores ambientais
(Kues e Liu, 2000). Em C. cinerea, diversos fatores ambientais sdo responsaveis pela formagdo
de basidiomatas, entre eles luz, concentragdo de nutrientes do meio, temperatura e umidade
(Ktes, 2000). Os basidiomatas de M. perniciosa desenvolvem-se em tecidos necrosados da
planta infectada ricos em micélio secundario. Em condi¢des naturais, sdo produzidos apds dias
chuvosos com temperaturas amenas (Evans, 1981). Em tecidos necrosados, como as
conhecidas vassouras secas, sdo produzidos sob periodos alternados de umidade (8 h por dia) e
seca (16 horas por dia), sob temperatura de 25 °C e fotoperiodo de 12 horas (Rocha e Wheeler,
1982). Os esporos sdo unicelulares, hialinos, com parede fina, medindo entre 12 ume 17 um e
ndo resistem ao ressecamento e a luz ultravioleta (Baker ¢ Crowdy, 1943). Porém, a liberacdo
dos esporos ocorre normalmente nas madrugadas, sob condi¢des de umidade relativa elevada e
temperaturas amenas.

O ciclo de vida do M. perniciosa inicia e termina com a producdo dos basididsporos
(Figura 1). Milhdes sdo produzidos em cada basidiomata e a sua dispersdo ¢ feita pelo vento.

Um basidiomata pode permanecer ativo por cinco dias em média e aqueles produzidos na parte
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aérea da planta (vassouras secas) sdo os mais eficientes na propaga¢do da doenga (Silva et al.,
2002). Também ocorre producdo de basidiomatas em outras partes da planta, porém esse fungo
¢ susceptivel ao ataque de insetos, de bactérias e outros fungos como o Trichoderma
stromaticum, € 1sso ocorre com mais frequiéncia préximo ao solo (Samuels et al., 2000).

Uma das possibilidades do controle da doenca no campo seria a eliminacdo dessas
fontes de tecidos aptos a produgdo de basidiomatas. Na pratica, essa alternativa ¢ muito
dispendiosa porque envolve uma grande quantidade de mao de obra e ndo tem a eficiéncia
maxima. O fungo 7. stromaticum esta sendo utilizado como controle bioldgico (De Souza, et
al., 2008), porém essa alternativa ainda ¢ questionavel (Castro et al., 2001).

O conhecimento mais aprofundado de como essas estruturas reprodutivas sdo geradas e
quais genes estdo envolvidos pode abrir caminho para outras formas de controle da produgdo
de esporos por esse fungo. Isso poderia ser feito pela identificagdo de fungicidas especificos,
ou simplesmente pela alteracdo da forma de conducgdo da cultura, para inibir determinadas
rotas essenciais a producdo de basidiomatas. A primeira hipdtese, entretanto, ¢ invidvel, pois a
eficiéncia da aplicagdo de fungicidas para fins de controle da produgdo de basidiomatas ¢
baixa, porém, a segunda hipotese pode ser vidvel. Por outro lado, o conhecimento sobre a
regulacdo genética que determina a produgdo de basidiomatas, do ponto de vista cientifico,
pode servir para analises genéticas envolvendo mutantes, para estudos evolutivos, para estudos
bioquimicos de compostos secundarios e para identificagdo de novas enzimas ou produtos
génicos de interesses diversos, inclusive biotecnologicos.

Ha alguns genes de outros fungos ja descritos que sdo expressos especificamente em
basidiomatas ou em fases iniciais de seu desenvolvimento. Foram observados aumento de
expressdo de genes que codificam para citocromo p450 CYPA, septina, ATP sintase

subunidade alfa, hidrofobinas, lacases, fator de transcricio MFBA, lecitina ABL, galecninas,

12



hemolisinas e um fator de transcri¢do PriA (Kues e Liu, 2000). Uma série de levantamentos de
genes expressos na fase de frutificagdo de basidiomicetos tem sido feita (Ospina-Giraldo, et al.,
2000; Lacourt et al., 2002; Lee et al., 2002; Yamada et al., 2006). Nesses levantamentos, além
dos genes citados acima, foram detectados genes relacionados a choques térmicos,
metabolismo de glicose, protedlise, degradagdo de parede celular, metabolismo secundario e
sinalizacdo mediada pelas rotas de AMPc e AMPK.

Dois genes que codificam para galectinas em C. cinerea, Cgll e Cgl2, sdo expressos
diferencialmente. A expressdo de Cgl2 se inicia em estdgios iniciais da formacdo de
basidiomatas, correlaciona com a formagdo dos nddulos hifais e € reprimida pela luz. O gene
Cgl 1 ¢ expresso nos agregados iniciais e ¢ induzida pela luz (Boulianne et al., 2000). Também
nesse fungo, um gene que codifica para uma sintase de acidos graxos ciclopropano ¢ essencial
para a producdo de basidiomatas e é expresso nos estagios tardios do desenvolvimento de
basidiomatas (Liu et al., 2006).

Em Lentinus edodes, a frutificacdo ¢ associada a altos niveis de AMPc e aumento na
atividade de adenilato ciclase (Takagi et al., 1988) e a presen¢a de uma proteina de adesdo
celular com alto peso molecular contendo o motivo Arg-Gly-Asp, a MFBAc (Kondoh et al.,
1995). Também em L. edodes, um gene que codifica para um provavel proto-oncogene da
familia Myb, Le.CDCS, ¢ expresso a partir dos estagios iniciais da formac¢do de basidiomatas e
o seu produto ¢ detectavel até os estagios de maturagdo (Nakazawa et al., 2006). Os transcritos
de um gene que codifica para outra proteina de adesdo, da familia das fascilinas, foram
especificamente elevados na presenga de primodrdios e basidiomatas maduros (Miyazaki et al.,
2007). Outro gene foi descrito recentemente nesse fungo, codificando para um fotorreceptor de
luz azul PHRA, homologo a gene que codifica para a proteina ‘white-collar2’. Ele ¢ expresso

durante a frutificagdo, ¢ regulado por luz e regula a sintese de tirosina (Sano et al., 2009).
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Em Pleurotus ostreatus e Agrocybe aegerita foram detectadas hemolisinas associadas a
fase de primordios (Berne et al., 2002; Berne et al., 2007). Essas proteinas, chamadas
ostreolisinas e aegerolisinas, foram purificadas e estdo sendo caracterizadas. Elas possuem
funcdio hemolitica em células de mamiferos (Zuzek et al., 2006), tém a capacidade de formar
poros (Berne et al., 2005), ligam-se especificamente a lipidios de membrana, especialmente
colesterol (Sepcic¢ et al., 2003; 2004) e sdo moduladas por lisofosfolipidios (Chowdhury et al.,
2008). A fungdo exata dessas proteinas na formagdo de basidiomatas ainda ndo foi determinada
(Berne et al., 2009).

Hidrofobinas fazem parte de uma familia de proteinas secretadas também relatadas a
frutificacdo. Elas formam um filme anfipatico na superficie, na interface ar-agua.
Biologicamente funcionam para adesdo e revestimento de hifas em fungos filamentosos e sdo
relatadas ao crescimento celular, desenvolvimento, infec¢do e viruléncia (Wosten e de Vocht,
2000). Ha hidrofobinas expressas especificamente durante a formacdo de basidiomatas,
enquanto outras ndo se expressam nesse periodo (Alburqueque et al., 2004; Santos, 2005; Ma
etal., 2007).

Esse ¢ um estudo pioneiro para a identificacdo de genes expressos em M. perniciosa na
fase de transi¢do do micélio secundario para o terciario. Em adi¢do a isso, foi necessario
entender como as estruturas se formam, pois ainda ndo existiam relatos sobre o
desenvolvimento inicial de basidiomatas em M. perniciosa. A inexisténcia de uma cole¢do de
mutantes desse fungo ndo possibilitou andlises genéticas diretas, porém foi possivel a
constru¢do de uma biblioteca de seqii€éncias curtas expressas (ESTs) gerada a partir de
amostras do fungo cultivado in vitro, sob condigdes de inducdo da frutificagdo. As sequiéncias
dessa biblioteca foram muito uteis para a validacdo do projeto Genoma M. perniciosa, pois

representam transcritos que serviram para a identificacdo de genes e para os trabalhos de
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anotag¢do do genoma. A analise da expressdo de transcritos selecionados serviu para confirmar
algumas hipoteses sobre a fase do desenvolvimento inicial dos basidiomatas e abriu caminho
para estudos posteriores que venham a elucidar as rotas bioquimicas relacionadas a esse

evento.
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Objetivo Geral

Identificar genes de Moniliophthora perniciosa responsaveis pela sua frutificagao.

Objetivos Especificos

[.  Identificar genes expressos em micélio cultivado em condigdes propicias a
frutificacdo;

II. Correlacionar mudangas morfoldgicas no micélio que resultam na formagdo dos
basidiomatas com os niveis de transcritos obtidos;

III. Identificar genes presentes no genoma de M. perniciosa correspondentes aos

transcritos caracterizados.
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Abstract

Background: The hemibiotrophic fungus Moniliophthora perniciosa is the causal agent of
Witches’ broom, a disease of Theobroma cacao. The pathogen life cycle ends with the production
of basidiocarps in dead tissues of the infected host. This structure generates millions of
basidiospores that reinfect young tissues of the same or other plants. A deeper understanding of
the mechanisms underlying the sexual phase of this fungus may help develop chemical, biological

or genetic strategies to control the disease.

Results: Mycelium was morphologically analyzed prior to emergence of basidiomata by
stereomicroscopy, light microscopy and scanning electron microscopy. The morphological changes in
the mycelium before fructification show a pattern similar to other members of the order Agaricales.
Changes and appearance of hyphae forming a surface layer by fusion were correlated with primordia
emergence. The stages of hyphal nodules, aggregation, initial primordium and differentiated
primordium were detected. The morphological analysis also allowed conclusions on morphogenetic
aspects. To analyze the genes involved in basidiomata development, the expression of some selected
EST genes from a non-normalized cDNA library, representative of the fruiting stage of M. perniciosa,
was evaluated. A macroarray analysis was performed with 192 selected clones and hybridized with
two distinct RNA pools extracted from mycelium in different phases of basidiomata formation. This
analysis showed two groups of up and down-regulated genes in primordial phases of mycelia.
Hydrophobin coding, glucose transporter, Rho-GEF, Rheb, extension precursor and cytochrome p450
monooxygenase genes were grouped among the up-regulated. In the down-regulated group relevant
genes clustered coding calmodulin, lanosterol 14 alpha demethylase and PIM1. In addition, 12 genes
with more detailed expression profiles were analyzed by RT-qPCR. One aegerolysin gene had a peak

of expression in mycelium with primordia and a second in basidiomata, confirming their
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distinctiveness. The number of transcripts of the gene for plerototolysin B increased in reddish-pink
mycelium and indicated an activation of the initial basidiomata production even at this culturing
stage. Expression of the glucose transporter gene increased in mycelium after the stress, coinciding
with a decrease of adenylate cyclase gene transcription. This indicated that nutrient uptake can be an

important signal to trigger fruiting in this fungus.

Conclusions: The identification of genes with increased expression in this phase of the life cycle of
M. perniciosa opens up new possibilities of controlling fungus spread as well as of genetic studies of
biological processes that lead to basidiomycete fruiting. This is the first comparative morphologic
study of the early development both in vivo and in vitro of M. perniciosa basidiomata and the first

description of genes expressed at this stage of the fungal life cycle.

Background

Moniliophthora perniciosa (Stahel) Aime and Phillip-Mora (2005) [1] is a hemibiotrophic
basidiomycete that causes Witches” Broom Disease (WBD) in cocoa (Theobroma cacao L.).
Currently, WBD occurs in South and Central America and can cause crop losses of up to 90% [2]. In
Bahia (Brazil), M. perniciosa was identified in 1989 [3] and, as a consequence of its spreading, the
annual production of cocoa beans dropped from 450,000 to 90,000 tons within 12 years, reducing
export values from an all-time high of about US$ 1 billion to 110 million. During this period nearly
200,000 rural workers lost their jobs, resulting in an intensive migration from farms to urban areas
[4].

The fungus infects young meristematic tissues inducing hypertrophy and hyperplasia, loss of

apical dominance, and proliferation of axillary shoots. The hypertrophic growth of the -3
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infected vegetative meristems (green broom) is the most characteristic symptom of WBD [5].
Basidiomata, in which basidiospores are produced, develop on dead but attached dry brooms of cacao
trees in the field, after dry and wet periods. Basidiospores are spread by wind and depend on
sufficient moisture for survival. They can only germinate on and infect susceptible cacao tissues (1.e.
buds, young leaves, flower cushions, or young pods) if relative humidity levels are near 100%.
Shortly after infection the pathogen establishes a biotrophic relationship with the host during which
the fungus has an intercellular, biotrophic, monokaryotic growth phase, without clamp connections.
Four to six weeks later, the hyphae become dikaryotic, develop clamp connections and the fungus
grows saprophytically [5]. A well-characterized concerted series of cell death events [6] causes the
green broom to become necrotic, and basidiomata are formed in a favorable environment after 6
weeks or more [7].

Information about morphological development and environment that affect basidiomata and
basidiospore production of M. perniciosa are important to improve the in vitro culture of the pathogen
and to study its life cycle. Environmental conditions for basidiomata production have been described
by Suarez [8], Rocha [9] and Rocha and Wheeler [10, 11]. An artificial production of basidiomata has
been studied by several authors, but an ideal production mode has not yet been achieved. Stahel [12]
observed basidiomata development on mycelial mats in agar cultures. Purdy ez al. [13] and Purdy and
Dickstein [14] modified Stahel’s methods to produce basidiomata on mycelial mats. Griffith and
Hedger [7] improved basidiomata production by using bran-vermiculite medium, a method currently
used to produce M. perniciosa basidiospores. Later, Niella ez al. [15] modified medium formulation
and Macagnan et al. [16] removed vermiculite and the extra layer of cacao powder and CaSOs4
originally used to cover the medium and to reduce the time to fruiting. The difficulty of obtaining

axenic cultures and the long cultivation time has hindered more detailed studies on the morphology
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and early development of M. perniciosa basidiomata.

Several studies of basidiomata development in other basidiomycetes, e.g., Agaricus bisporus,
Flammulina velutipes, Boletus edulis [17] as well as mycorrhizal fungi such as Laccaria sp. [18] have
already been published, complementing research on Coprinopsis cinerea and Schizophyllum
commune, which are models for developmental studies in macroscopic basidiomycota [19].
Basidiomata of M. perniciosa produced either in nature [20, 21, 22] or under laboratory conditions
[13, 7, 14] have been studied and their morphology was originally described by Stahel [12]. Later,
Delgado and Cook [23] showed that the hyphae found in basidiomata are dikaryotic whereas basidia
are monokaryotic (i.e. diploid, following karyogamy).

Although the microscopic characteristics and growth patterns of both monokaryotic and
dikaryotic mycelia have been described elsewhere [24, 25, 26], there is no microscopic
characterization of the pattern of basidiomata development. We provide the first description of
primordium development of M. perniciosa basidiomata. Based on our observations the
development was divided in four stages, similar to those described for A. bisporus (17). Together
with the sequencing and annotation of the M. perniciosa genome [27], detailed morphologic
information is important for future research into M. perniciosa mutants, complementing genetic
studies. Here we describe and histologically compare the development of both irn vivo and in vitro-
grown M. perniciosa basidiomata and analyze the expression of 192 selected ESTs by macroarray

and of 12 ESTs by RT-qPCR.

Results and Discussion

Morphological observations
Observations of dead brooms kept in humid chambers or collected directly from the

field showed the presence of a thin mat of saprophytic mycelium on the surface of the
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brooms. It was possible to notice color changes and the morphology that preceded basidiomata
formation on this mat. The aerial mycelium formed a thick layer with notable color modifications: it
was initially white (Figure 1A), then yellow (Figure 1B) and later, reddish pink (Figure 1C). At a later
stage, dark-brown to reddish spots appeared until onset of primordium growth (Figure 1E and 1F).
The same characteristics were observed in artificial cultivation (Figure 1D), which allowed a
monitoring of the morphogenetic stages of M. perniciosa basidiomata.

Currently two media are used to produce basidiomata of M. perniciosa. The “Griffith
medium” [7] contains pieces of bran/vermiculite covered with a casing layer of peat/gypsum, while
the “Macagnan medium” [16] contains dry broom material. When plugs of dikaryotic mycelia are
transferred from agar culture to either of these two solid media and incubated at 25 'C in Petri dishes,
a network of hyphae initiates growth within and on the surface of the solid particles. Once the
medium is well-colonized (similar to spawn-running in mushroom cultivation), basidiomata
production is induced by opening the dishes, suspending the block of substrate (Figure 1D), and
subjecting it to a regime of intermittent watering and a daily photoperiod of 10-12 h light.

When cultured in the “Griffith medium”, mycelial mats of M. perniciosa isolate CP03 (see
Methods) turned light-yellow four days after exposure to air and water, changing to reddish-pink after
a further ten days, finally becoming dark-reddish pink until the onset of basidiomata development,
some two to eight weeks later. These color changes were not uniform among parts of mycelial mats,
varying according to irrigation intensity. The whitish aerial mycelium remained visible until the end
of cultivation on some parts of the mycelial mats. Color changes also occurred in long-term stored
mycelia at 25 C, however, basidiomata formation was never observed. Since mycelium color change
was a pre-requisite for primordium formation, we standardized the collections according to their

color.
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In an examination of the mycelial mats during the 32-day incubation period in Petri dishes,
prior to incubation in the wetting/drying chambers, branched and agglomerated hyphae (mycelial
cords) were observed fanning out on the surface of the substrate, appearing as long strands (Figure
2A, yellow arrow), with probable hyphal fusion along part of their length (Figure 2A, white arrow).
At some points, hyphae were covered in a thin amorphous layer, apparently composed of plant cell
wall material (Figure 2A, red arrow), as well as irregularly swollen and ornamented cells (Figure 2A,
pink arrow). After exposure to water and air in the wetting/drying chamber, there appeared to be
further agglomeration of hyphae into thicker structures, often covered with a layer of amorphous
material (Figure 2B) and some raised areas with curved hyphae were also observed (Figure 2C).
These changes were concurrent with the formation of yellow, reddish pink and dark-reddish pink
pigmentation on the mat surfaces. In contrast, the mycelium on dry brooms already formed a dense
layer at the white stage, probably due to the fact that this layer is formed in response to regular
irrigation to which the brooms were subjected from the beginning of the experiment (Figure 1A and
1C).

Curved hyphae, leading to a possible hyphal fusion, were observed at this moment and in all
distinct stages of the superficial mycelium, a pattern also observed in Laccaria spp [18]. Side-by-side
hyphal branches evolved to larger plate-like structures in reddish pink mycelium (Figure 2B) and in
mycelium forming the primordia apex (Figure 2D). These plate structures were not always continuous
and some mycelial strands appeared empty or dry (not shown). A microscopic tissue section of
reddish-pink mycelium in air contact revealed a distinctive mycelium layer with a mean thickness of
60 um (Figure 2E, arrow), as well as internal net patterns of hyphae.

Similar patterns of hyphal growth were reported by Heckman et al. [28] in A. bisporus before

basidiomata formation [28]. These authors recognized four morphological stages of
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mycelium and observed side-by-side hyphal fusions and the formation of hyphal wall ornamentation,
which occurred in the first mycelial growth phase [28]. In the second stage, hyphal fusion led to the
formation of structures called strands. Microscopic primordia were formed in the third stage in more
compact masses, in areas of dense mycelial growth. At the fourth stage, primordia were visible to the
unaided eye. Fused and ornamented hyphae as well as strands appeared in M. perniciosa before
primordium development. Therefore, the process of primordium development of M. perniciosa was
similar to that observed for A. bisporus, exept for the formation of an impermeable surface layer in
hyphae and the type of hyphal ornamentation only observable in M. perniciosa.

The chemical composition of the impermeable surface layer was investigated. No reduced
sugars, lipids and phenols were detected (data not shown). If these layers consisted of empty fused
hyphae, chitinases were possibly active in this event. Lopes [29] observed an increased expression of
chitinases in M. perniciosa in the reddish pink mycelium prior to basidiomata formation. It may also
be possible that these areas are rich in hydrophobins, a protein required in basidiomata formation in
several other fungi that form a thin outer layer on hyphae exposed to the air [30]. These proteins form
an amphipathic layer between hydrophilic-hydrophobic interfaces, which protects the hyphae-
inducing aerial mycelia [31]. An increased expression of hydrophobin-encoding genes was observed
during mycelial mat growth of M. perniciosa [32].

Changes 1n pigmentation of the superficial mycelium of M. perniciosa were described by
Purdy et al. [13] and by Griffith and Hedger [7]. In our experiments, changes in pigmentation were
observed in mycelial mats washed in chambers until basidiomata emergence, indicating a correlation
with basidiomata formation. The same color of the surface mycelium persists in the primordia,
especially in the apices. The appearance of hyphal nodules coincided with the change in pigmentation

from yellow to pink of the surface mycelium as described before (Figure 2F), and the primordia
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emerged after this color had darkened. Stronger pigmentation was observed on the primordia apex
exactly at points of densely aggregated hyphae, which leads us to believe that pigmentation is
correlated with hyphal aggregation. The term “hyphal nodules” has been used to describe the initial
phases of basidiomata development [19] as well as for the nodules in the regions of the “initials™ and
in the morphogenesis-directing primordia [33].

Primordia of M. perniciosa appeared when the dense mycelial mat showed reddish-pink
pigmentation. The first signal of primordial development was probably the appearance of primary
hyphal nodules as well as internal local aggregations on dark pink—reddish mycelium (Figure 2F).
Thereafter, hyphal interaction led to the formation of compact aggregates that can be considered an
undifferentiated stage called initial primordium or secondary hyphal nodule [19] (Figure 3A). Hyphae
belonging to such aggregates were short, large and strongly stainable with fuchsin acid, a substance
present in Pianeze III solution, used to distinguish fungal from plant tissues (Figure 3A). The
primordium emerged from within the surface mycelial layer (Figure 1E) as a well-defined
protuberance (Figure 1F) with hyphae similar to those found in the aggregates (Figure 4A). The
primordium initial (Figure 1F and Figure 3C) then underwent differentiation to form stipe, pileus
(Figure 4B) and lamellae (Figure 4C). Hyphae of the primordium apex were cylindrical, with round
apices and parallel growth, bending at the end distal to the pileus (Figure 4D, detail). Stipe hyphae
were more compact, flat, growing vertically (Figure 4E). Amorphous material and clamped hyphae
were also present on the apical primordium surface (Figure 2D and Figure 4F, respectively).

The various developmental stages of M. perniciosa basidiomata formation were very similar
to those previously described in detail for Agaricus sp. [17], C. cinerea [19], Mycena stylobates |34 ]
and Laccaria spp. [18]. Differentiation in Agaricus occurred at the initial stage to produce a bipolar

fruiting body primordium [17, 19]. This process appears to be conserved among Agaricales with
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slight differences between species. It was rather difficult to microscopically observe the hyphal
nodule of the mycelial mats grown on “Griftith medium” due to the density of the hyphal layer.
However, the primary hyphal nodule stages of M. perniciosa basidiomata were inferred from the
presence of areas of intense localized ramifying hyphal aggregates in small nodules (Figure 2F).
These nodules progressed to a globose aggregate, surrounded by a dense layer of amorphous material,
an irregular arrangement of interwoven hyphae on the internal tissue of dry brooms stained green
(Figure 3A), which can be considered the initial stage of hyphal aggregation. This hyphal
agglomerate is distinguished by acid fuchsin which stains only living tissues [35]. Aggregates found
in dark reddish-pink mycelium (Figure 2F) indicated a competent mycelium from which primordia
may originate, similar to the aggregates in Laccaria sp., which would give rise to basidiomata [18].
Globose aggregates appeared on the surface with a protective layer covering a hyphal bulb
(Figure 1E, *). Walther et al. [34] described a similar phenomenon in the initial development of M.
stylobates. The initial formation of this layer can be observed in M. perniciosa (Figure 3A, arrow)
that later covered the surface of the protuberant area (Figure 1E, *). Then, an initial emerged (Figure
1F and Figure 3C) and differentiated into a primordium, here referred to as the third stage (Figure
3E). It is likely that enzymatic digestion by chitinases [36] occurred in the hyphae of the outer layer,
thereby allowing the “initial” to emerge as a dense layer, with amorphous material in the center of the
protuberance. Differentiation continued leading to the formation of the lamellae (Figure 3E, arrow
and Figure 4C) and later the pileus (Figure 4B). The apical region of initials formed the pileus and the
basal region formed the stipe (Figure 4B). At the end of this stage the immature pileus and stipe
(Figure 4G) could be seen with lamellae already established (not shown). Lamellae expanded after
two to three days (Figure 4H), depending on sufficiently high moisture levels, as already observed for

other basidiomycetes [17]. The hymenium was enclosed by incurved margins of the pileus, only
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being exposed when the basidiomata maturated (Figure 4G and 4H). Finally the stipe elongated and
the pileus expanded to expose the hymenium for basidiospore liberation (Figure 41). Basidiomata
maturation was regulated by humidity and not all initial primordia progressed to form basidiomata
(not shown).

Primordia emerged from 75 d after the exposure of substrate-grown mycelia to water and light
in the humid chamber (Figure 1G). The first basidiomata were observed about 10 d after the first
primordium was visible, but undifferentiated primordia were still present on the mat surface when
basidiomata appeared. Density of primordia was high, their size not uniform and their production
discontinuous, suggesting a programmed induction, as in plant inflorescences. The morphogenesis
observed in the initials (Figure 3) resembled that of other Basidiomycota. Hyphae aggregated towards
the surface and assumed a vertical position concurrent with an increase in diameter and compartment
length (distance between septa) (Figure 3A and Figure 4A, arrow). These hyphae differentiated to
form an agglomerate (Figure 3A) where they converged in an apical group (Figure 3B, #) and two
lateral groups, growing in towards the bottom (Figure 3B, black square). A parallel bundle of hyphae
with an inclination in direction to the center of the agglomerate was also observed (Figure 3B, *).
This bundle diminished in length when the central aggregates increased in size; later, a lateral
appendix to the primordium was observed (Figure 3D, arrows and *). Lateral groups (Figure 3D, #)
increased in prominence during development, and the convergent hyphae at the agglomerate apex
became vertically prominent (Figure 3D, black squares).

The lateral groups tended to bend downwards away from the apex (Figure 3C, *). A group
of basal hyphae, however, bent upwards, supporting the hyphal extremity that bent downwards
(Figure 3C, arrow and 3D, arrow). As the lateral hyphae expanded, the overlapping of these

hyphae diminished (Figure 3E, * and 3F, arrows), increasing the space between these hyphal
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groups (Figure 3E, arrow). A micrograph of an emerged primordium (Figure 4C) shows a
difference in opacity between hyphae, suggesting that a partial digestion led to the spaces between
the lamellae. Another freehand section shows the lateral bending of hyphae and the differentiation
of the stipe (Figure 4B). This primordium already possessed a differentiated hymenium (not
shown).

Studies in Agaricus sp. and other edible fungi revealed a hemi-angiocarpous standard
developmental stage [17, 19], with a veil covering the primordium. In these fungi, a cluster of
parallel and oriented hyphae emerges and forms the stipe and the pileus develops from the apical
region. Laccaria sp. has a plectenchymal tissue from which the stipe originates, whilst the pileus
arises from an apical prosenchymal tissue, as in Agaricus [18]. Similar structures were observed in
M. perniciosa (Figure 3B). However, the development was pseudoangiocarpous since the
hymenium was protected by the immature pileus, and no inner veil was present (Figure 4B) [37].
The morphogenetic mechanism was classified as concentrated, based on the description of
Reijnders [38] since defined globose primordia with a complex anatomy (Figure 3A) were formed.
This is compatible with pileostiptocarpic development because stipe and pileus-originated

elements were already present in the primordia at an early stage (Figure 4B).

Genes related to the early development of M. perniciosa basidiomata

The molecular basis of cell differentiation that precedes basidiomata formation was recently
investigated [17, 19, 39]. Developmentally regulated genes have been identified for some
basidiomycetes such as A. bisporus [40], C. cinerea [19], Pleurotus ostreatus [41], among others.
Moreover, the rapid increase of fully or partially sequenced genomes and ESTs from fungi already

available in databanks allow the in silico identification of genes possibly involved in these processes
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[42, 43]. However, the understanding of the direct association between these identified genes and
their function in the initial development of basidiomata is still incipient. For example, the study of
the ESTs of P. ostreatus led to the identification of pleurotolysins expressed specifically in the
primordial stage. The function of these proteins is being studied, but their role in primordia

formation is not yet elucidated [44].

Since the studies in M. perniciosa are also in an early stage, the identification of genes
related to basidiomata development was a first step to establish a possible correlation between the
developmental stages and their expression. The description of morphological changes in mycelium
prior to the development of reproductive structures is a key step for subsequent morphogenetic
studies and, at this point, helped in the search for genes related to these processes. So far, our
contribution has been the analysis of the abundance of transcripts for some selected genes in
specific moments during induction of fungal fruiting. Two independent but related tests were
carried out. Using 192 genes from a library derived from mycelium in the fructification stage, a
reverse Northern analysis, also known as macro array was performed, contrasting the early culturing
with the final stage, when the first basidiomata appear. Additionally, a RT-qPCR was performed for
12 genes, analyzing their expression in each of the stages described in the above-described

morphological studies.

The development of basidiomycetes such as C. cinerea, one of the best-studied to date [19],
served as guideline underlying the choice of the genes. In the case of these fungi, fructification seems
to occur in genetically pre-conditioned mycelium and in response to nutrient deficiency, as well as to
stimuli such as alternating light / dark, humidity and CO2 concentration [19]. Based on these studies,

genes were selected and identified in the available library.
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Expression profiles of genes involved in basidiomata development by macroarray

A macroarray analysis was performed with 192 genes encoding putative proteins involved in
fruiting, to detect differences in their expression profile between mycelia in white and primordial
phases, which would allow their identification as induced or repressed at these two contrasting
developmental stages (Figure 5). ESTs were obtained from a full-length cDNA library, previously
constructed from mycelia, primordia and mature basidiomata collected during fructification (Pires et
al., unpublished data) and selected based on their similarity with known conserved genes. The
complete list of the selected genes is shown in Table S1 [see Additional file 1] as well as the fold
change values obtained by comparing the results of each spot in the 'white' and ' primordia ' stages. A
classification based on the likely functions of these gene products was performed as described by
Gesteira et al. [45], to deepen the understanding of the participation of these genes in the
fructification process of M. perniciosa. The Table S1 [see Additional file 1] shows also some genes
for which the increase of transcripts in the primordial stage compared to the white phase was
significant by the Student's t test of means.

The macroarray analyses give us an overview of gene activity during fruiting in M.
perniciosa. We discriminated 192 genes in two expression patterns: group I, containing up-regulated
genes in the white mycelium phase and group II, containing up-regulated genes in the primordia
mycelium phase (Figure 5). Some genes are noteworthy because previous descriptions report their
participation in the fruiting process of other fungi. In this trial, hydrophobins were represented by

four clones and three of them showed increased expression during the primordial stage.



33

Hydrophobins are cysteine-rich proteins specific for filamentous fungi, capable of generating
amphipathic films on the surface of an object [31]. They are related to a broad range of growth and
development processes, among them the formation of aerial structures [46]. At least five M.
perniciosa hydrophobin-encoding genes have been identified [27]. The differences in expression in
mycelial mat cultures for basidiomata production were considerable. Unlike four other genes for
hydrophobin, one gene was shown to have increased expression in the presence of primordia [32] and
two were identified in a compatible M. perniciosa-T. cacao cDNA library derived from green brooms
[45].

Studies in other fungi show that hemolysin expression is specifically increased in the presence
of primordia [47], but in this experiment there was no significant increase in the expression of the
genes that encode for aegerolysins. Only one gene for pleurotolysin A decreased significantly. On the
other hand, genes encoding cytochrome P450 monooxygenase and a heat shock protein had increased
expression in the primordial stage, which may indicate the induction of fruiting in response to stress
[17]. Cytochrome P450 monooxygenases (‘P450s’) are a super-family of haem-thiolate proteins that
are involved in the metabolism of a wide variety of endogenous and xenobiotic compounds [48]. In
C. cinerea, the cytochrome P450 similar to CYP64 is most expressed in pilei and seems to be
involved in the synthesis route of aflatoxins that seem to be important for fruiting in Aspergillus spp.
[17].

The appearance of primordia coincided with the decrease of transcripts for calmodulin and
increased expression for genes coding for signaling proteins such as RHO1 guanine nucleotide
exchange factor (RHO-GEF), RHO GDP-dissociation inhibitor, GTP-binding protein RHEB homolog
precursor, indicating that signaling is most likely mediated by fruiting-associated proteins of the Ras

family. Additionally, the genes for cellular transport of glucose and gluconate were clearly more
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significantly transcribed at the primordial stage [see additional file 1], while a probable transcription
factor GAL4 decreased. This indicates that glucose depletion of the medium, which occurs
throughout the culture, must be important for fructification and must be related to cAMP signaling
[49]. Gene gtil, encoding an inducer of gluconate transport in Pseudomonas aeruginosa, controls
glucose catabolism, increasing the low-affinity transport system of glucose [S50]. The glucose
transporter present in this test is rather similar to the high-affinity glucose transporter SNF3, although
this has not been confirmed experimentally [51]. Glucose metabolism can be related to fructification
[17].

The increase of gene transcripts for vacuolar ATP synthase, phospholipid-transporting
ATPase and reductase levodione also indicates that nutrient uptake during the primordial stage serves
to form nutrient reserves prior to basidiomata elongation [17]. This is confirmed by the increase of
transcripts for several genes of primary and secondary metabolism that may be related to the
synthesis of glycerol and lipids. In C. cinerea reserves are remobilized and glycogen accumulated in
the primordial stage [19].

The expression of three genes related to cell division was significantly higher, two for a 123
kD protein of cell division (Cdc123) and one encoding a suppressor of kinetochore, and one P/M1
gene was significantly less expressed in the primordial stage. Cdc123 proteins are regulators of elF2
in Saccharomyces cerevisiae and are regulated by nutrient availability [52]. This simultaneous
increase indicates the predominance of phase G1 of cell division. As the formation of spores occurs in
already differentiated primordia, it is likely that the collected phase contains a larger number of non-
differentiated primordia.

There was also a significant increase of six genes of unknown function, one of them showing

no similarity with any sequence in the available public data banks.
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Expression analyses of genes involved in basidiomata development by RT-qPCR

The gene expression profile obtained by the macroarray in two distinct phases suggested
physiological changes in mycelia prior to basidiomata production. However, more detailed analyses
should be performed to monitor the expression of key genes (previously described in the literature
as involved in basidiomata development). Quantitative PCR is an accurate technique to analyze gene
expression. It is 10,000 to 100,000 times more sensitive than RNase protection assays and 1,000
times more sensitive than dot blot hybridization [53]. Therefore, a more detailed RT-qPCR analysis
was performed with 12 ESTs in order to observe a possible relationship between transcript levels of
all samples collected (Figure 6). RNA was obtained from mycelium samples of all seven
developmental stages: white, yellow and reddish pink phases, before and after stress, and during
basidiomata formation.

The hypothesis that nutrient depletion might act as a signal for fructification was confirmed
since some genes related to primary metabolism and to nutrient uptake were down-regulated when
primordia emerged. Conversely, gene expression related to nutrient recycling and stress response
increased during this phase, as did the expression of genes directly involved in cell development
(Figure 3). The relative expression of the 12 genes in stages that precede fructification helped
elucidate the correlation between nutrient depletion and fructification (Figure 6) since the genes
MpRHEB, MpRHO I-GEF, MpADE, MpMBF, and MpRAB putatively involved in signaling are
associated with internal perception of the signals triggered by nutrient depletion and other stresses,
which was noticeable before the primordia appeared. The putative gene MpRHEB is associated with
growth regulation probably during nitrogen depletion [54]. Its expression in M. perniciosa increased
in reddish pink mycelium, immediately before stress and continued at a high level until the

beginning of the primordial and basidiomata phases (Figure 6D). The expression of the high-affinity
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transporter MpGLU

[51] peaked in this mycelium before stress (Figure 6E), strongly indicating a nutritional deficit,
namely low external glucose concentration. Moreover, expression of MpCPR and MpCYP was low
during this period (Figure 6G and 6K), indicating a lower basal metabolism [48]. The expression of
MpRAB (Figure 6]) may indicate nutrient remobilization, since it is involved in intracellular traffic
[55, 56].

During the water stress applied to trigger in vitro fructification expression of some genes
peaked. Transcripts of putative MpMBF (multi-protein-bridging factor), a co-activator related to
tolerance to abiotic stresses in plants [57], increased 2.4-fold (Figure 61). Other genes with increased
expression during this stress period were MpRHO I-GEF (Figure 6H), involved in signaling for the
regulation of polarized growth [58] and MpRPL18 (Figure 6L.) involved in protein synthesis.
Involvement of signalization, probably cAMP-mediated, is likely due the expression of adenylate
cyclase that decreased in the yellow and reddish-pink mycelial phases, to return to the original levels
observed on white mycelium just after the stress period (Figure 6F). As adenylate cyclase is subject to
post-translational regulation, studies of enzymatic activity would be necessary to confirm this
hypothesis. The gene prho/gef is, therefore, possibly correlated with cAMP pathways. Repression of
the glucose transporter coincided with the repression of the adenylate cyclase gene, which also
indicates cAMP signaling. In S. pombe the glucose levels are regulated by adenylate cyclase [59] and
in Sclerotinia sclerotiorus the development of reproductive structures is negatively regulated by
cAMP [60]

Putative aegerolysins and pleurotolysin B of M. perniciosa are differentially expressed during

fructification

As described for other fungi, probable hemolysins are highly expressed at the fructification
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stages [47, 61]. We identified three putative genes involved in fructification, two more closely related
to the identified AA-Pril or PriAs of Agrocybe aerogerita and P. ostreatus, respectively, and one
more closely related to pleurotolysin B, also identified in P. ostreatus. Their different expression
profiles suggested that they are different genes (Figure 6A to 6C). The expression of
MpPRIAlencoding a putative aegerolysin, decreased in the yellow-and reddish pink-mycelium
phases, and also before stress, but increased 4.3-fold in mycelia with primordia, and about 90-fold in
the basidiomata, compared to the white mycelium stage (Figure 6A). The expression of the putative
hemolysin-encoding gene MpPRIAI increased 17-fold at the reddish pink mycelium stage, but
decreased 11-fold before stress, 4-fold in stressed mycelia, and 47.4-fold in mycelia with primordia.
The transcripts of MpPRIA2 increased 23-fold in basidiomata, but were lower in mycelia with
primordia (Figure 6B). The transcripts of gene MpPLYB, corresponding to a pleurotolysin B,
increased 1.4-fold in the yellow mycelium stage, 15.2-fold in reddish pink mycelia, and remained at
high levels in the mycelia before stress (11.7-fold), when stressed (11.2-fold) and in mycelia with
primordia (10.1-fold), but decreased in basidiomata, where it was only 1.6 times higher than in white
mycelia (Figure 6C).

Hemolysins, already identified in some bacteria and fungi, comprise a cytolytic protein
family, whose members appear abundantly during primordia and basidiomata formation [47, 58, 61,
62]. MpPRIAI and MpPRIA2 have homologous regions but seem to correspond to two individual
genes whose expression coincides with the morphological differentiation of primary hyphal nodules
from primordia. These hemolysins may contribute to the process of hyphal aggregation [61] as their
expression occurred, although at low levels, before the appearance of primordia, when hyphae
became globose for the formation of the “initials”. This stage coincides with the reddish pink

mycelium stage, where hyphal nodules are detectable. The exact function of these proteins remains
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unclear, but their involvement in programmed cell death (PCD), as proposed by Kues and Liu [17],
seems rather unlikely because ostreolysins have lytic function, acting in cholesterol- and
sphingomyelin-containing membranes [63] at a pH between 7 and 8 [64], which is not usually found
in fungal cells.

The known fungal hemolysins have some variations in amino acid sequences, but all share
the conserved domain aegerolysin (code PF06355 by Pfam database [65]). Aegerolysin Aa-Pril
from A. aegerita has the same molecular weight as the 16 kDa ostreolysin of P.

ostreatus and is mainly expressed in the initial stage of primordium formation. PriA (or
pleurotolysin or PlyA) of P. ostreatus forms a subfamily with the aegerolysin superfamily, which
includes the Asp-hemolysins of Aspergillus fumigatus, and some hypothetical proteins of
Clostridium bifermentans, P. aeruginosa and Neurospora crassa. P. ostreatus hemolysin consists of
multiple components with isoforms A and B that assemble to a protein complex that leads to the
formation of transmembrane pores (diameter 4 nm), specifically allowing lysis of cholesterol and
sphingomyelin-containing membranes [63]. Isoform A, called PlyA [17 kDa PlyA4] has 138 amino
acid residues whereas the 59 kDa isoform B polypeptide (PlyB) consists of 538 amino acids.

The two aegerolysin ESTs expressed by M. perniciosa constitute two distinct genes (Figures 7
and 8). MpPRIAI has an ORF of 417 bp with an intron at position 103 whereas the ORF of MpPRIA2
15 406 bp long with an intron at position 134 (data not shown). Both have a conserved aegerolysin
domain between residues 4 to 136 (MpPRIA1) and 29 to 135 (MpPRIA2) and can be aligned with a
hypothetical protein MPER 11381 (gbEEB90416.1) (Figure 7A) and MPER 04618 (gbEEB96271.1
-not shown) of M. perniciosa FA553 and proteins described as aegerolysins of 4. aegerita
(spO42717.1), P. ostreatus (PlyA gbAALS57035.1 and ostreolysin -gbAAX21097.1), 4. fumigatus

Af293 (XP 748379.1), A. fumigatus (gbBAA03951.1) Coccidioides immitis RS (XP 001242288.1) A.
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niger (XP 001389418.1) (Figure 7A). The evolutionary distance between these putative aegerolysins
and above-cited aegerolysin of the Gene Bank database was estimated (Figure 7B). The distances
were shorter between MpPRIA1 and MpPRIA2 and aegerolysins of Pleurotus and Agrocybe than
between Mp-PriAs and Asp-hemolysins and ostreolysins of Aspergillus. The MpPLYB ORF has 576
bp and two introns (not shown) at positions 211 and 408 corresponding to the genomic DNA of M.
perniciosa in position 178 to 368 of the sequence deposited in GeneBank (accession no.
ABRE01016965). The MpPLYB ORF is more similar to hypothetical proteins of M. perniciosa
FAS53 (gb EEB89936.1) and pleurotolysin B gene described for P. ostreatus (gbBAD66667.1) and it
can be aligned with proteins described as Gibberella zeae PH-1 (XP 390875.1) A. flavus NRRL3357
(gbEED49642.1) and Chaetomium globosum CBS 148.51 (XP 001227240.1) (Figure 8A). A
conserved transmembrane domain MAC/Perforin [PF 01823] occurs between residues 1 and 258. The
evolutionary distance between these putative pleurotolysin B and above-cited proteins of the Gene
Bank database was estimated (Figure 8B). The distance was shortest between MpPlyB and
pleurotolysin B of Pleurotus, while the similarity with hypothetical protein MpER 11918 of M.

perniciosa was highest.

Conclusions

Our analysis of gene expression 1s an initial approach to correlate gene expression with distinct
developmental stages of M. perniciosa basidiomata. Gene expression profiles in mycelia before
basidiomata induction indicate that the observed morphological changes correlate with induction of
genes known to be involved in the development of new macroscopic structures in other fungi. An

involvement of a glucose depletion-dependent cell signaling is suggested by the regulation of
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adenylate cyclase and glucose transporter genes. However, other up-regulated genes may be
responsible for the formation of hyphal nodules, redirecting cytoskeleton modeling, hyphal thickness
or nutrient uptake, and most of them may be essential for the maintenance of basidiomata. Our data
provide new information about the development of basidiomata in M. perniciosa and 1dentify a set of
genes probably involved in this process. This information may be useful for further studies towards a
more complete understanding of the cell processes and genetic, physiological and environmental
controls leading to basidiomata initiation. Once the key genes that determine growth and development
of M. perniciosa are known, strategies can be provided for an enhanced control of this phytopathogen

and for a successful monitoring of witches” broom disease in 7. cacao.

Methods

Fungal strains and growth conditions

A considerable number of observations of the early primordia development were made in infected
brooms collected from cocoa plantations in Itajuipe (14“ 40° 437 S, 39 22°31” W), Bahia, Brazil.

The brooms were kept in a moist chamber and basidiomata formation was induced. Briefly, they
were soaked for 1 h in 1% benomy]l solution (Sigma Chemical Co., St. Louis, USA), to kill the
ascomycete fungi present on the broom surfaces, hung in a chamber

(12:12 h light:dark) and sprayed with de-ionized water for 1 min/h for each 24 h period. M.
perniciosa strain CEPEC 1108 (designated CP03) of the C biotype of M. perniciosa was also used for
morphological studies. Mycelial starter cultures from the culture collection of the Cocoa Research
Center (CEPEC, Ilhéus, Bahia, Brazil) were grown on PDA (Potato Dextrose Agar) for three weeks

in the dark, at room temperature. Basidiomata were obtained from mycelial mats, as described by
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Griffith and Hedger [7] with the modifications introduced by Niella ez al. [15]. A solid bran-based
medium was prepared (50 g wheat flour; 40 g vermiculite; 6 g CaSO4x2H20, 3 g CaCOs3 and 120 mL
distilled water; moisture content 6570%, pH 7.0-7.5). The mixture was placed in Petri dishes, covered
with aluminum foil and autoclaved twice for 90 min (121°C). The cooled medium was inoculated
with two 5-mm disc plugs from 1 to 3-week-old mycelium, grown on 2% PDA medium. Cultures
were incubated at 25°C in the dark. After mycelia had completely colonized the surface of the bran
medium (usually 3-4 weeks), cultures were covered with a 5-mm thick layer (5-10 g per culture),
composed of 200 g coarse peat, 50 g CaCO3, 50 g vermiculite and 125 mL distilled water (moisture
content 70-75%, pH 7.0-7.5). These cultures were incubated for 3 to 4 weeks at 25 °C in the dark and
then hung vertically in a broom chamber [14], and maintained at 23 °C+£2 °C for 75 d. Irrigation
consisted of spraying de-ionized water daily for 7 h with a 12 h period of fluorescent warm white
light (65-80W). After 30 d in the chambers, the irrigation was suspended for 7 d, a procedure

routinely used to induce fructification.

Microscopic analyses

The preparation of mycelial mat samples for light microscopy was conducted according to standard
histological methods [66]. For histological studies of basidiomata development at various stages,
samples were fixed after collection by dehydration in a gradient of ethanol/tertiary butyl alcohol
series (50 to 100%) for 2 h each, and thermally embedded in paraffin (melting point 56.5 °C;
Paraplast plus; Fisher Sci. Co., Pittsburgh, USA). The embedded tissues were radially cut (5 to 14 pm
thick) with a rotary microtome. Serial sections were thermally mounted on microscope slides coated
with Haupt’s adhesive and 4% formalin [67]. The sections were immersed/rinsed three times in 100%
xylene and passed through a series of xylene and absolute ethyl alcohol (EtOH) 1:1, absolute ETOH,

and 70% ETOH. Some sections were stained with Pianeze II1-B stain [68, 69]. This procedure
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specifically stained soluble and insoluble proteins red with acid fuchsin and non-living material, 1.e.
polysaccharides and phenol, green to dark green [35]. Other sections were stained for 1 h with 1%
astra blue and then for 1 h with 1% safranin. Macroscopic and tissue analysis was performed in a
stereomicroscope (Olympus magnifying glass model SZ2-L.GB) and an optical microscope (Olympus
model CX41RF), both connected to digital cameras (Olympus model NOC 7070). For histochemical
tests, sections of mycelial mats were checked by Fehling” Test [70] to detect reduced sugars, by
Sudan III solution [71] to detect lipids and by Floroglucinol Acid solution [72] to detect phenolic
compounds. For scanning electron microscopy (SEM), samples were fixed in FAA (5%
formaldehyde; 5% acetic acid; 63% ethanol), and dehydrated in increasing acetone solutions (30 to
100%), for 15 min at each concentration. Sections were dried to the critical point, mounted in stubs,

and

covered with gold before SEM analysis (Model LEO 54X (Zeiss), at the State University of Feira

de Santana (Feira de Santana, Bahia, Brazil).

Fungal strains, sampling, growth conditions for molecular analysis and RNA isolation

M. perniciosa strain FA553 (Cp02), sequenced by the WBD Genome Project [27] was used for
macroarray and RT-qPCR analyses. Growth conditions were described as above except for some
details: the chamber was a glass box (40x30x30 ¢m) with hooks on the lid underside. Units of
mycelial mats were suspended on these hooks and washed aseptically. Temperature and light were as
mentioned above. Samples were collected in the different pigmentation phases: white, yellow,
reddish-pink, reddish-pink before stress and reddish-pink mycelium after stress (10 d without

irrigation); mycelium containing primordia, and basidiomata (Figure 1G). Individual samples of
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CP02 were processed using the RNAeasy Plant Midi Kit (Qiagen, Valencia, USA). The RNA
samples were qualitatively and quantitatively analyzed by denaturing formaldehyde/agarose gel
electrophoresis and optical density was determined [73]. Aliquots of each sample were stored at -80
°C until analysis. Figure 1G summarizes sampling for RNA extractions.

c¢DNA library construction and analysis of differential gene expression by macroarray

The macroarray membrane was spotted with 192 cDNA clones in duplicate, which were selected
from a cDNA library based on their putative role in basidiomata development in other fungi and their
involvement in nutrient depletion and cell signaling. For the cDNA library construction, the M.
perniciosa strain CEPEC 1108 (CP03) was cultured as previously described and mycelium samples in
white, yellow, reddish-pink, dark reddish pink and primordium stages, as well as from basidiomata
were used to construct a full-length, non-normalized cDNA library. Total RNA was extracted from
samples using RNAs in RNA Plant Midi Kit as described by the manufacturer (Qiagen) and after
quantification, 1 pg was used to construct the library using DB SMART Creator cDNA library as
described by the manufacturer (Clontech). cDNA strands longer than 400 bp were cloned
directionally into the pDNR-LIB plasmid. ElectroMAX DHI0BTM cells (Invitrogen) were
transformed and colonies selected and grown in 96-well microtiter plates in LB, 40% glycerol
medium containing 30 pg/L chloramphenicol and stored at -80 °C. A total of 2,759 clones were
sequenced using a capillary sequencer (Mega Bace 1000, GE Healthcare). After the filtering,
trimming, and clustering processes the 1,533 obtained ESTs were evaluated based on functional
annotation. The cDNA fragments used to spot the macroarray membrane were amplified by PCR
using M 13 primers [forward 5’-CAGGAAACAGCTATGAC-3’ and reverse 5°-
GTAAAACGACGGCCAG-3"] that annealed to the vector pPDNR-LIB (Clontech), transferred in

duplicate to membranes (Hybond N+, Amersham Biosciences) [73] and fixed using a UV crosslinker
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(Spectronics Corporation). For macroarray hybridization, two distinct RNA pools were used: one
cDNA mixture of three distinct biological samples from the initial cultivation phases on artificial
media (white phase), and another cDNA mixture of three distinct biological samples from the
primordial stage. The membrane was hybridized twice with each cDNA pool. Labeling (400 ng of
each cDNA pool), pre-hybridization (4 h), hybridization (2.5 h) and signal detection were performed
as recommended by the manufacturer of the Alkaphos kit (GE Healthcare). The membranes were
exposed to X-Omat (Kodak) film for 2.5 h and the images captured using the Scanner Power Look
1120 UDS (Amersham Biosciences) and analyzed with BZ Scan [74]. The presence or absence of the
signal, as well as the intensity, was registered for each individual spot. Global normalization and
clustering of the generated intensities, using software Cluster version 3.0 [75]. The default Cluster for
normalization was performed eight times, with genes centralized by average. A total clustering of
genes was made by the uncentered method (Pearson correlation). This value used in hierarquical
clustering represents the average intensity of each gene. Student's t-test, was used after global
standardization and before clustering to establish a comparison between means. The values
significant at 5% probability and the genes accession numbers are shown in Table S1 [see Additional
file 1] together with the fold change values based on the means generated after normalization by

Cluster 3.0 software.

Quantitative analyses of reversed transcripts (RT-qPCR)

During the growth period in artificial medium, 12 selected genes were analyzed based on their
expression pattern derived from the macroarray. The following genes were selected from the EST
data base (www.lge.ibi.unicamp.br/vassoura) encoding the proteins: three putative hemolysins

(CP03-EB-001-020-G09-UE.F; CP03-EB-001-008-C10-UE.F;, CP03-EB-001024-G03-UE.F), a
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putative 60S ribosomal L18 protein (CP03-EB-001-001-E05-UE.F), a putative Rho1/GEF (CP03-EB-
001-012-F03-UE.F), a putative Rab (Ras family) (CP03-EB001-020-F11-UE.F), a putative multi-
protein-bridging factor (CP03-EB-001-025-E06-UE.F), a putative Ras-GTP-binding protein Rhb1
(CP03-EB-001-005-E11-UE.F), a putative glucose transporter (CP03-EB-001-015-G10-UE F), a
putative cytochrome P450 (CP03-EB-001-025D09-UE.F), a putative adenylate cyclase (CP03-EB-
001-025-C05-UE.F), and a putative NADPH-cytochrome P450 reductase (CP03-EB-001-001-B10-
UE F). A putative polyubiquitin (CP03-EB-001-020-H08-UE.F) was used as reference gene. All PCR
primers (MWG, Imprint Genetics Corp) were designed using the GeneScript online Real-Time
Primer Design tool (https://www.genscript.com/ssl-bin/app/primer) [see Additional file 2]. One
microgram of total RNA treated with RQ1 DNAse I (Invitrogen) was reverse-transcribed using Power
Script (Invitrogen) at a final volume of 20 pL.. The primer Tm was set at 59° C to 61° C and the
amplicon sizes ranging from 100 to 105 bp. Quantitative PCR was performed using SYBRGreen
(Invitrogen) for the detection of fluorescence during amplification, and assays were performed on an
ABI PRISM 7500 Sequence Detection System (SDS) coupled to the ABI PRISM 7500 SDS software
(Applied Biosystems, Foster City, USA), using standard settings. A 20 uLL RT-PCR reaction
consisted of 2 uL. SYBRGreen 1x (Applied Biosciences), 1x PCR buffer, 200 mM dNTPs, 3 mM
MgCI2, 7 50X Rox, 200 nM each primer and 10 pL single-stranded cDNA. The thermal cycling
conditions were 50 °C for 2 min, then 94 °C for 10 min, followed by 40 cycles of 94 °C for 45 s, 57 °C
for 35 s for annealing, and 72 °C for 35s. A dissociation analysis was conducted after all
amplifications to investigate the formation of primer dimers and hairpins. Melting temperatures of the
fragments were determined according to the manufacturer’s protocol. No-template reactions were
included as negative controls in every plate. Sequence Detection Software (Applied Biosystems,

Foster City, USA) results were imported into Microsoft Excel for further analysis. Raw expression
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levels were calculated from the average of the triplicate ddCT (RQ) values using the standard curve
obtained for each primer pair (ABI PRISM 7500 Sequence Detection System User Bulletin #2). A
non-parametric ¢ test was performed in order to compare the expression values obtained for each gene

between the samples.

Molecular analyses of aegerolysin genes

The two putative aegerolysin genes (MpPRIAI and MpPRIA2) and one putative pleurotolysin B
(MpPLYB), were analyzed by aligning ESTs and genomic sequences using Clustal W (EBI) [76]. The
contigs were screened for conserved domains and for introns using ORFINDER software (NCBI-
www.ncbi.nlm.nih.gov/projects/gorf). The amino acid sequences generated from the most likely
ORFs were aligned against four sequences available at the UNIPROT database [77] using Multalign
[78]. The evolutionary history was inferred using the Neighbor-Joining method [79]. The
evolutionary distances were calculated following the Poisson correction method [80] and expressed in
units of number of amino acid substitutions per site. All positions containing gaps and missing data
were eliminated from the dataset (complete deletion option). There were a total of 116 positions in
the final dataset. Phylogenetic analyses were conducted in MEGA4 [81]. Branches corresponding to
partitions reproduced in less than 50% bootstrap replicates were collapsed. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is

shown next to the branches [82].
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Figure legends

Figure 1. Mycelial stages prior to emergence of M. perniciosa primordia. A, B, C. Mycelial mat
originating from basidiospore germination on dead cocoa branches. D. Mycelial mat cultured on

artificial substrate. Mycelium is initially white (A) then turns yellow (B) and changes to reddish pink
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(C) (A, B, C; bars= 0.5 cm), and maintains this color during primordial and basidiomata development,
both in natural and artificial conditions (D; bar=1.25 cm). E. Globose protuberance covered by
mycelial mat (*) and openings for initial sprouting (bar= 1 mm). F. Primordia emergence (bar= 1
mm). G. Schematic representation of the sampling during cultivation for library construction (CP03)
and macroarrays and RTqPCR (CP02). Lateral numbers indicate days of cultivation. Box A —time 0,
when the Petri dishes were inoculated. Box B — First harvest before hanging the mycelia in moist
growth chambers. Box C- Second harvest with yellow mycelia. Box D- Third harvest with pink-
reddish mycelium. Box E- Fourth harvest with reddish-pink mycelium before stress. Box F - Fifth
harvest with dark pink mycelia (CP03), or reddish-pink after stress (CP02). G- Sixth harvest of
primordia and fully-developed basidiomata. The days of cultivation differ due the differences

between fungal isolates.

Figure 2. Aspects of hyphal organization before fruiting of M. perniciosa. A-D: Scanning
electron micrograph shows aerial hyphae. E-F. Section of mycelial mat of the “dark reddish pink™
stage on dead cocoa branch, stained with Lugol and Safranine. A: Hyphae of mycelial mat in the
white phase (Griffith medium). Note branched hyphae (yellow arrow), hyphal fusion (white arrow),
thin layer apparently composed by cell wall materials (red arrow) and hyphae with irregular aspect
(pink arrow; bar= 10 um). B. Details of external hyphae after some days of exposure of mycelial mat
to frequent irrigation. Note impregnated material in superficial hyphae (bar=10 um). C. Dark reddish
pink mycelia with protuberance on the hyphae surface were they over layer the impregnated material,
fanning out in ring shape (bar=20 um). D. Amorphous material recovering hyphae in differentiated
primordium (bar= 10 um). E. An outer layer (arrow) and aggregate aerial hyphae can be seen on the

surface (bar=0.12 mm). F. Hyphal nodule observed in reddish-pink mycelium (bar= 0.04 mm).

Figure 3. Early developmental stages of M. perniciosa basidiomata. A. Globose hyphal
aggregate (initial primordium) under a superficial layer of mycelial mat (bar= 0.25 mm). B.
Schematic drawing of the area marked in A showing the grouping of protective hyphae (*) laterally
involving another more compact group (#). At the top another group of converging hyphae grows
downwards (black squares) (bar=0.12 mm). C. Tissue section showing an emerging
undifferentiated “initial” (bar= 0.25 mm). D. Schematic drawing of C showing the expansion of

marked hyphae presented in Fig. 2B. The arrows indicate the same previous protective layer but the
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compact bulb has already overlapped it (bar=0.25 mm). E. Another “initial” in a more advanced
developmental state (bar=0.25 mm). F. Schematic drawing of E showing protective hyphae placed

in parallel positions and the laterally expanding bulb hyphae (arrows) (bar=0.25 mm).

Figure 4. Aspect of primordia of M. perniciosa. A. Section of initial primordium stained with
Pianeze I11. Note the globose form, the distance between the septa and the pigment impregnated
within the hyphal cell wall (arrow; bar=0.1mm). B. Hand-cut section of a primordium showing the
separation between the tissue that will develop the pileus (P) and the rod that will develop the stipe
(S) (bar=0.25 mm). C. Lamella appeared by digestion in areas of pileus (bar= 0.25 mm). D-F.
Scanning electron micrograph. D. Differentiated primordium with radial growing hyphae in pileus
(bar= 100 pum, on detail bar = 30 um). E. Densely packed stipe hyphae (bar=20 pum). F. Clamped
hyphae of primordium (bar= 2 pum). G. Primordia extension stage (bar= 1 mm). H. Different
primordia in extension stage (bar= 0.5 cm). [. Basidiomata obtained in vitro with exposed lamellae

(bar=1 cm).

Figure 5. Genes expressed differentially in white mycelia and mycelia with primordia A.
Hierarchical clustering illustrating groups of 192 M. perniciosa genes coordinately expressed at the
moment of fruiting versus white mycelium stage by macrorray assay. The column W represents
samples of white mycelium stages and P the primordium stage. For each gene, the medium mRNA
levels represented by red or green, indicating up-regulation or down-regulation, respectively. The
legend indicates the corresponding values of intensity. Two groups are formed: A = higher gene
expression in 'white' mycelium and B = higher expression in mycelium with 'primordia’. On the right

are examples of genes evaluated in each group.

Figure 6. RT-qPCR of genes expressed in different phases during the culture of M.
perniciosa in basidiomata-inducing medium. In Y axis values of RQ using primers
constructed for each gene and in axis X corresponding samples of RNA originated from mycelia
in the following stages: 1= cDNA of mycelium white stage, 2= cDNA of yellow mycelium
stage, 3= cDNA of reddish pink mycelium stage, 4= cDNA of reddish pink mycelium before
stress, 5= cDNA of reddish pink mycelium after stress, 6= cDNA of mycelium with primordia



57

and 7= cDNA of basidiomata. RQ= relative quantification measured by ddCt. (*) - significant at
5% probability, (**) - significant at 1% probability by the statistical T test.

Figure 7. Comparison between M. perniciosa aegerolysins and other fungi. A- Alignment for
similarity between ORFS of the two probable aegerolysins of M. perniciosa (Mp1-PriA and Mp2-
PriA) and aegerolysins of M. perniciosa FA553 (gbEEB90416.1), A. aegerita (spO42717.1), P.
ostreatus (PriA - gbAALS57035.1 and ostreolysin - gbAAX21097.1), A. fumigatus Af293 (XP
748379.1), A. fumigatus (gbBAA03951.1) C. immitis RS (XP 001242288.1) A. niger

(XP 001389418.1). Strictly conserved residues are shown in black and similar residues in gray.
Consensus symbols: | is any of IV, $ is any of LM, % is any of FY, # is any of NDQEBZ. Domain
PF06355 (aegerolysin family) is present in Mp1PriA (residues 4-136, score 8.7e-61) and Mp2-PriA
(residues 29-135, score 4.2e-34). B. Phylogenetic analysis of the probable aegerolysin genes of M.
perniciosa with above-cited sequences. The evolutionary history was inferred using the Neighbor-
Joining method. The bootstrap consensus tree inferred from 1000 replicates is taken to represent the

evolutionary history of the taxa analyzed.

Figure 8. Comparison between M. perniciosa pleurotolysin and other fungi. A- Alignment for
similarity between ORFS of the one probable pleurotolysin B of M. perniciosa (Mp-PlyB) and
hypothetical proteins of M. perniciosa FA553 (gb EEB89936.1), P. ostreatus (gb BAD66667.1), G.
zeae PH-1 (XP 390875.1), A. flavus NRRL3357 (gbEED49642.1), C. globosum CBS 148.51

(XP 001227240.1). Strictly conserved residues are shown in black and similar residues in gray.
Consensus symbols are used similarly as in Fig.7. Domain MAC/Perforin (PF01823) is present in
Mp-PlyB (residues 1 to 258, score -35.2). B. Phylogenetic analysis of the probable pleurotolysin B
gene of M. perniciosa with above-cited sequences. The evolutionary history was inferred using the
Neighbor-Joining method. The bootstrap consensus tree inferred from 1000 replicates is taken to

represent the evolutionary history of the taxa analyzed.
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Resumo

Moniliophthora perniciosa é um basidiomiceto hemibiotréfico patogénico ao cacaueiro e
outras espécies vegetais. Sua acdo na planta consiste em provocar superbrotamentos, epinastia,
hiperplasia e por fim necrose de tecidos, que passam a ser a matéria prima para a produgédo de
estruturas chamadas basidiomatas, onde sdo produzidos seus esporos. A programacdo genética
para a producdo dessas estruturas foi estudada por meio da analise de uma biblioteca de cDNA
confeccionada a partir de micélio sob condi¢des de indugdo da frutificagdo e basidiomas
maduros. Foram produzidos 2759 cromatogramas sendo que, destes, 1533 geraram seqiiéncias
validas. Um total de 1374 apresentaram similaridade a sequéncias do genoma de M.
perniciosa ¢ 981 apresentaram similaridade a sequéncias do banco de dados NR do GenBank.
Foram identificados provaveis genes que codificam para hemolisinas, hidrofobinas, citocromo
p450 monoxigenases, ciclofilinas, o-merilstigmato oxigenase, dentre outros, comuns também
durante a fase de frutificagdo em outros fungos. Foram escolhidos 192 ESTs para a andlise da
sua expressdo em seis momentos especificos do micélio antes da frutificacdo. Destes, 25
tiveram um pico de expressdo no micélio com primoérdios presentes e 43 foram mais
abundantes nesta mesma fase e em basidiomatas maduros. Estes transcritos representam genes
expressos especificamente em primordios e basidiomatas. A identificagdo desses genes ¢
importante para compreender a fase reprodutiva do ciclo de vida do M. perniciosa e também

para estudos genéticos posteriores.
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Introducio

Moniliophthora perniciosa (Aime e Phillips-Mora, 2005) ¢ um basidiomiceto
hemibiotréfico da familia Marasmiaceae (Hibbett et al., 2007) que afeta principalmente
cacaueiros, cujos frutos sdo utilizados para a producdo de chocolate. O fungo penetra na planta
a partir de hifas originadas de esporos que invadem os espagos intracelulares de tecidos
meristematicos, causa sintomas de epinastia e superbrotamento, e posteriormente torna-se
saprofitico, invadindo as células e concluindo seu ciclo de vida com a producdo de esporos
(Meinhardt et al., 2008). Os galhos resultantes do superbrotamento sdo conhecidos
inicialmente por ‘vassoura verde’ e, apos a necrose dos tecidos esses galhos, sdo chamados de
‘vassoura seca’. Essa doenga conhecida por ‘Vassoura-de-bruxa’ causou perdas de até¢ 90% na
producdo de cacau apos a sua introdu¢@o no sul da Bahia (Santos Filho et al., 1998) e isso
desencadeou uma série de problemas sociais e economicos nessa regido (Trevizan e Marques,
2002). A estimativa de perdas na regido Sul da Bahia resultantes da infec¢do por esse fungo
foi de 105 mil toneladas nas safras de 1995/96 ¢ 1996/97 (Santos Filho et al., 1998).

A suscetibilidade dos cacaueiros cultivados no sul da Bahia e as condi¢des climaticas
adequadas foram os principais agravantes para a dispersdo desse fungo que se da
principalmente com a ajuda do vento e da chuva (Purdy e Schmidt, 1996; Alves et al., 2006).
Os basidiomatas, suas estruturas reprodutivas especializadas, embora pequenas (3-5 mm),
produzem milhares de esporos (Rocha e Wheeler, 1985). Sdo produzidos abundantemente nas
condi¢des climaticas no sul da Bahia, principalmente entre os meses de maio e setembro
(Silva et al., 2002). Ocorrem apenas em tecidos ja necrosados (Purdy e Dickstein, 1990; Silva
et al., 2002), principalmente na parte aérea da planta. Em condigdes de campo, a produgdo de
basidiocarpos se da entre 6 a 16 meses apos a necrose dos galhos ou frutos (Evans, 1981). Em

condi¢des controladas, tecidos necrosados produzem basidiocarpos entre 6 ¢ 12 semanas e
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preferencialmente em temperaturas entre 20 e 25°C, 100 nE.m™s™ de iluminagdo e regime
hidrico de 8 horas de umidade e 16 horas de seca por dia (Rocha e Wheeler, 1985). O micélio
frutifica entre 3 e 8 meses apds ser inoculado em meio apropriado e mantido em condi¢des
controladas de umidade, luz e temperatura (Griffith e Hedger, 1993; Niella et al., 2000). As
condi¢des mais favoraveis a liberagdo de esporos sdo temperaturas em torno de 25 °C, 80% de
umidade relativa e iluminag¢do em torno de 100 uE.m’zs'] (Rocha e Wheeler, 1985). Assim,
percebe-se que j& foram estudadas, em M. perniciosa, as condigdes de umidade, luz e
temperatura que permitem a producdo de basidiomatas in vivo e em condigdes artificiais,
porém ainda ndo ha estudos mostrando como ocorre a regulacdo genética para a formagéo
dessas estruturas.

A base genética do desenvolvimento de corpos de frutificagdo tem sido alvo de estudos
para alguns basidiomicetos. O uso alimentar ou medicinal de fungos como Agaricus bisporus,
Pleorotus ostreatus e Coprinopsis cinerea tem motivado pesquisas para descobrir genes
responsaveis pela formagdo dessas estruturas especializadas, objetivando melhorias em sua
producdo (Kues e Liu, 2000). Além disso, a compreensdo do aumento da complexidade entre
os processos de desenvolvimento na escala evolutiva também é uma questdo que motiva as
pesquisas, uma vez que os fungos sdo organismos em que ja se percebe a tendéncia de
especializacdo para a formacgdo de tecidos. Isso podera ajudar a estabelecer modelos de
desenvolvimento que sdo conservados entre eucariotos. Entretanto, o estudo da base genética
para a inducdo da frutificagdo em fungos fitopatogénicos tem como principal objetivo gerar
mais informagdes que possam ser uteis ao seu controle, ou que possibilitem uma melhoria nas
condi¢des de cultivo in vitro, e assim facilitem pesquisas visando alternativas de controle.

Além disso, o estudo molecular do processo de indug¢do de basidiomatas em fungos
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patogénicos podera também contribuir para a compreensdo de processos conservados
evolutivamente.

Neste trabalho, foi realizado um levantamento sobre os genes relacionados a
frutificacdo do M. perniciosa e uma anadlise de expressdo de 192 candidatos. Uma biblioteca
de cDNAs representativa dessa fase de desenvolvimento foi confeccionada e feita a
identificacdo de genes por comparagdes de seqiiéncias. A seguir, a expressdo diferencial de

192 genes foi analisada em cinco momentos especificos desse cultivo.

Material e métodos

1. Isolado e condicoes de cultivo

O isolado utilizado para a constru¢do da biblioteca foi o CP03 (Micoteca CEPEC-
CEPLAC/Brasil n. 1108) obtido a partir de esporos conservados em glicerol a frio (N2
liquido) e crescido inicialmente em meio BDA (Batata Dextrose Agar) a 25°C no escuro. Para
a indugdo de frutificagdo, 3 discos de micélio foram inoculados em placa de Petri contendo um
meio preparado com farelo de trigo, calcario, gesso, vermiculita, terrico de cacau e agua
(Griffith e Hedger, 1993; Niella et al., 1999). Apds aproximadamente 30 dias a 25°C, as placas
inoculadas foram abertas e o conteudo (meio entremeado por micélio) foi suspenso por
ganchos de metal em uma cabine de vidro (50x30x30 cm) previamente desinfectada com cloro
ativo seguido de exposi¢cdo a luz UV por 40 min. Essa cabine foi aberta em cadmara de fluxo
laminar duas vezes ao dia para molhar as unidades com agua estéril. O fotoperiodo aplicado
foi de 12 horas e a temperatura de aproximadamente 25°C. As amostras coletadas foram: 1)
micélio no momento da suspensdo das placas, quando apresentava a cor branca, 32 dias apds a

inoculagdo; 2) micélio com coloragdo amarela aos 36 dias apos a inoculagdo; 3) micélio com
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coloragdo rosa escuro com 46 dias apds inoculagdo; 4) micélio com coloragédo rosa escuro, 96
dias apos a inoculagdo, apds um corte de sete dias no suprimento de agua, 5) micélio com 121
dias apds a inoculagdo, quando alguns basidiomatas ja tinham sido coletados e havia a
presenga de varios primordios e 6) basidiomatas destacados do meio.

Outro isolado, CP02, o mesmo utilizado para o sequenciamento do genoma, também
foi cultivado posteriormente como descrito acima, para extracdo de RNA necessario para a
confec¢do de um macroarranjo. Porém, as datas de coleta variaram: 1) micélio no momento da
suspensdo das placas, quando aparentava a cor branca, 32 dias apds a inoculagdo; 2) micélio
com coloragdo amarela aos 45 dias apos a inoculag@o; 3) micélio com coloragdo rosa escura
com 65 dias apos inoculagdo; 4) micélio rosa escuro, 79 dias apds a inoculagdo, imediatamente
antes de um corte de dez dias no suprimento de agua, 5) micélio com 89 dias apds a
inoculagdo, imediatamente apds o estresse por falta d’agua por 10 dias; 6) micélio com 121
dias apos a inoculagdo, quando alguns basidiomatas ja tinham sido coletados ¢ havia a

presenca de varios primordios e 7) basidiomatas destacados do meio.

2. Isolamento de RNA e construcio da biblioteca

A extragdo de RNA do isolado CP03 foi feita a partir das amostras congeladas a 80°C
negativos utilizando o kit RNeasy Plant Mini de acordo com os procedimentos do fabricante
(Qiagen, USA, Valencia, CA). A analise qualitativa das amostras de RNA obtidas foi feita em
gel desnaturante com formamida/folmaldeido (Sambrook e Russell, 2001) e a quantifica¢do
foi feita em espectofotdometro UV-visivel modelo Cary® 100, da Varian, Palo Alto, CA, USA.
Concentragdes equivalentes de RNA de cada amostra foram misturadas e uma aliquota de 1ug
dessa mistura contendo RNA total foi utilizada para construir uma biblioteca usando o kit DB

SMART Creator cDNA library (Clontech). Os cDNAs maiores que 400 pb, selecionados por
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filtracdo em colunas Chroma Spin 4000 (Clontech) foram clonados direcionalmente no
plasmidio  pDNR-LIB e utilizados para transformar células  competentes
(ELetroMax DHI10B™ - Invitrogen). Colonias isoladas foram crescidas em microplacas de 96
pocos em LB (meio de cultivo Lurian-Bertani) com 40% de glicerol e 30 ug.L™' e estocadas

em 80°C negativos.

3. Extracao de DNA plasmidial e sequenciamento

DNA plasmidial foi extraido de clones individuais usando o procedimento de lise alcalina
(Sambrook and Russell, 2001) adaptado para microplacas de 96 pogos. A qualidade e
quantidade do DNA plasmidial foi observada em gel de agarose a 0,8% em TBE corado com
brometo de etidio (0,25ug/ul). Um total de 2759 clones foram selecionados ao acaso e
sequenciados na extremidade 5 utilizando o kit DyEnamic ET Dye Terminator (MegaBACE
— GE Healthcare) e o primer M13 ‘foward” 5’-TAAAACGACGGCCAGT-3". As seqiiéncias

foram produzidas em sequienciador MegaBACE 1000 (GE Healthcare).

4. Processamento dos dados e analise computacional

Os cromatrogramas obtidos foram depositados no banco de dados do projeto genoma
de M. perniciosa (Mondego et al., 2008) e nomeados de acordo com o sistema criado para esse
projeto no qual sdo considerados o isolado, o nome da biblioteca, o numero da biblioteca, o
numero da placa e o nimero do pogo na placa. O primeiro tratamento dos dados foi a
utilizagdo do algoritimo PHRED (Ewing et al., 1998) que nomeia e faz o controle de qualidade
das bases. A seguir o Cross-Match foi utilizado para mascarar a presenca de ‘polylinker” e
vetor. As sequéncias foram, entdo, comparadas ao banco de dados ndo redundantes do NCBI

usando o algoritimo BlastX e também com o banco de dados do Projeto Genoma M.
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perniciosa (Mondego et al., 2008) usando o algoritimo BlastN (Altschul et al., 1997). As
sequéncias que foram utilizadas para a filtragem e agrupamento por similaridade foram as que
obedeciam aos critérios de qualidade: a) mais de 200 pares de bases com qualidade superior a
20 atribuido pelo PHRED, b) significante similaridade ao banco de dados ndo redundantes do
NCBI (BlastX com E-value < le x10™), c) significante similaridade de nucleotideos com o
banco de dados do genoma de M. perniciosa (BlastN com E-value < le x107'%). Essas
sequéncias selecionadas foram limpas (‘trimmed’), como descrito por Telles and Silva 2001 e
agrupadas por similaridade (‘clustering’) usando o programa CAP3 (Huang e Madan, 1999).
Os agrupamentos de sequéncias curtas (< 100pb) e com artefatos foram removidos (Telles et
al., 2001). Foi feita em seguida uma anotacdo manual usando comparagdes com os bancos de
dados publicos (NCBI) e um banco de dados de fungos. Os agrupamentos que sobraram foram
submetidos novamente a comparagdes com o banco de dados ndo redundantes do NCBI
(BlastX), o banco de dados do genoma de M. perniciosa, de Laccaria bicolor e Ustilago
maydis (BlastN) (Altschul et al., 1997). Foi feita também uma comparagdo com outro banco
de ESTs de M. perniciosa (Rincones et al., 2008) obtidos de amostras de fungo cultivados em
condi¢des de micélio hemibiotréfico e saprofitico, mas ndo em estagio de frutificacdo. Os
resultados da busca de similaridade de cada agrupamento foram disponibilizados em um portal
que possui acessos para a pagina de anota¢do dentro do Projeto Genoma de M. perniciosa. Os
unigenes foram anotados manualmente e classificados de acordo com Journet e colaboradores

(2002).

5. Confeccao do macroarranjo
Fragmentos de DNA representativos de 192 genes foram utilizados para construir um

macroarranjo. Os fragmentos de DNA foram obtidos por amplificagdo a partir de minipreps de
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clones da biblioteca de cDNA ndo normalizada, representativa da fase de frutificagdo. Os
critérios utilizados para a selecdo destes clones foram: 1) clones que representam genes
constitutivos; 2) clones mais freqientes; 3) clones que representam genes possivelmente
envolvidos com o processo de frutificagdo; 4) clones que representam genes de funcdes
desconhecidas, mas que foram frequientes na biblioteca.

Os insertos destes clones foram amplificados utilizando o par de ‘primers’ para um
fragmento do M13 contido no vetor de clonagem pDNR-LIB (Clontech), M13 ‘Forward’ (5°-
CAGGAAACAGCTATGAC-3’) e 0 M13 “Reverse’ (5-GTAAAACGACGGCCAG-3’). Os
componentes da reacdo de PCR foram: 1X tampédo para PCR (Fermentas), 1,2 mM MgCI2,
0,15 mM dNTPs, 0,1 uM primer ‘forward’, 0,1 uM primer ‘reverse’, 1 unidade de Tag
(Fermentas) e 6 uL. de DNA miniprep diluido 100x, num volume final de 50 pL.. As reagdes
foram realizadas em placa de 96 pogos e transferidas ao termociclador com o seguinte
programa: desnaturagdo a 94°C por 4 minutos, seguido de 35 ciclos de 40 seg. a 94°C, 40 seg.
a 55°C e 90 seg. a 72°C. Para finalizar, a reacdo foi incubada a 72°C por 7 min. para
polimeriza¢do final. Os insertos amplificados por PCR foram visualizados em gel de 1%
agarose contendo 0,5 pg/ml de brometo de etidio e aplicados diretamente na membrana, sem
quantifica¢do, na quantidade total de 7,5 uL. do produto amplificado. A desnaturacdo foi feita
com NaOH 0,2M a 37 °C por 15 minutos. Os insertos foram fixados em membrana de nylon
(Hybond N+, Amersham Biosciences) utilizando um replicador de 96 canaletas seguindo um
protocolo padrdo de transferéncia em solucdo salina tipo ‘dot blot’ (Sambrook e Russell,
2001). O DNA foi ligado covalentemente a membrana por luz UV, 0,15 Jiem® (UV
CrossLinker). A membrana contendo os insertos amplificados foi hibridizada contra cinco
amostras de cDNA obtidos das seguintes fases do desenvolvimento do M. perniciosa isolado

CP02 (mesmo utilizado para o projeto genoma): 1) Micélio crescido em meio para
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frutificagdo, coletado no primeiro dia da exposi¢do do micélio nas cdmaras de crescimento
(fase branca, 32 dias apds o inicio do cultivo); 2) Micélio rosa avermelhado coletado 45 dias
apos o inicio do cultivo; 3) Micélio coletado apos 79 dias do inicio do cultivo, apos um
estresse de 10 dias sem agua; 4) Micélio coletado na fase de produgdo de primdrdios (final do
cultivo); 5) Basidiomatas maduros coletados na fase final do cultivo. As amostras de RNA
total obtidas de cada uma dessas fases foram utilizadas para sintese da primeira fita de cDNA
pela utilizagcdo da transcriptase reversa (Invitrogen) e marcag¢do simultdnea da fita sintetizada
com a fosfatase alcalina seguindo a metodologia recomendada pelo fabricante do kit Alkphos
para preparo de sondas e revelagdo (GE Healthcare). As imagens foram capturadas no Image
Scanner Power Look 1120 UDS (Amersham Biosciences) e analisadas pelo programa BZ
Scan. Cerca de 400 ng de cada sonda (quantificadas por espectrofotometria) foram marcadas
utilizando hexa-oligonucletideos (Amersham Bioscience) e a enzima Klenow (Amersham
Biosciences), como descrito por Feinberg ¢ Vogelstein (1983). Para a hibridacdo, foi utilizado
um tampao contendo 10% sulfato de dextran (Calbiochem), 2X SSPE, 1% SDS, 0,5% leite em
p6 desnatado e 0,1 mg/mL DNA de esperma de salm@o. As membranas foram pré-hibridadas
nesta solugdo a 55° C por 4 horas. A hibrida¢do foi conduzida a 55°C ‘overnight’; e,
posteriormente, as membranas foram lavadas segundo instru¢des do fabricante e expostas a
filmes radiograficos X-OMAT (Kodak) durante 2,5 horas. A presenga ou auséncia de sinal,
assim como sua intensidade, foi registrada para cada ponto com cada uma das sondas. Foi feita
uma normaliza¢do global das intensidades geradas com o auxilio do software Gene Cluster
versdo 3.0 (Eisen et al., 1998), seguindo o protocolo padrdo do programa, ou seja, uma
centralizag@o de genes e arranjos pela média repetindo-se 8 vezes cada uma e um agrupamento

hierarquico global utilizando a correlagdo de Pearson. As medidas de diferencas de expressdo
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foram feitas a partir dos dados obtidos por essa normalizagdo e agrupamento, tomadas em

relacdo a fase ‘branca’ do micélio.

Resultados

Biblioteca de cDNAs representativa da fase de frutificaciao do fungo

A biblioteca de cDNA construida ¢ representativa do fungo exposto a condigdes
artificiais de inducdo da frutificagdo. A intengdo foi identificar novos genes e outros
relacionados a essa fase do seu ciclo de vida bem como auxiliar na investiga¢do de elementos
necessarios para a predicdo de genes das seqiiéncias obtidas no rascunho do Genoma estrutural
de M. perniciosa. Um total de 2759 fragmentos de seqiiéncias expressas foi gerado e a sua
analise encontra-se resumida na Figura 1. Um total de 1.533 unigenes foi identificado, ou seja,
55,6% das sequiéncias produzidas. Isso representa aproximadamente 11% do total de 14.072
genes identificados no Genoma rascunhado de M. perniciosa (Mondego et al., 2008). As
sequéncias dos unigenes foram anotadas manualmente e serdo submetidas ao banco de dados
DB EST do GenBank posteriormente. O numero de seqiiéncias redundantes pode ser
observado na Figura 2. O nimero maximo de sequiéncias por unigene composto (‘contig’) foi
14 em um apenas, sendo que 122 unigenes compostos apresentaram 2 sequéncias, 31 tiveram
3 sequéncias e 28 tiveram entre 4 ¢ 9 sequéncias. A redundancia foi de 44,4%, indicando que a
biblioteca um numero representativo de clones da biblioteca foi sequenciado. A anotacgdo
funcional para identificar as provaveis proteinas codificadas foi conduzida utilizando
comparagdes por BLAST nos bancos de dados do NCBI (non redundant BLAST), Gene
Ontology (GO), SwissProt e Banco de Dados de Genomas de Fungos. Os genes identificados

foram agrupados em categorias funcionais como descrito por Journet e colaboradores (2002).



Uma lista com os unigenes classificados por provaveis fungdes pode ser vista na Tabela 1
(anexo ). A maior parte das provaveis fungdes encontradas foi agrupada como
“desconhecidas” (Figura 3), representando 24,13% daqueles que tiveram alguma similaridade
com sequéncias depositadas nos bancos publicos. O metabolismo primario foi associado a
20,24% das sequiéncias e sintese protéica e processamento a 18,58%. Em seguida, expressao
génica ¢ metabolismo de RNA foram representados em 5,8% das seqiiéncias e o estimulo
abiotico e desenvolvimento, 5,21%.

Os dez genes cujas seqiiéncias foram mais abundantes na biblioteca estdo na Tabela 2,
codificando para provaveis subunidades ribossomais menor e maior, duas provaveis
hidrofobinas, uma pequena proteina de choque térmico, uma MBF (multi-protein-bridging
factor), uma mioinositol oxigenase, um proteolipidio de membrana, uma ubiquitina ¢ uma
aegerolisina. Desses, hidrofobinas e aegerolisinas sdo relatadas ao desenvolvimento de
basidiomatas (Kues e Liu, 2000), a pequena proteina de choque térmico ¢ relatada em resposta
a estresses, o coativador transcricional MBF & producdo de pigmento via inducdo de lacase
(Walton et al., 2005) e a mioinositol oxigenase a produgdo de acido ascorbico (Lorence et al.,

2004),
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Figura 1 - Anilise da biblioteca de ¢cDNA representativa da fase de frutificacdo de M.
perniciosa. As 2.759 sequéncias representam os cromatogramas submetidos a analise. As setas
indicam os processos seguidos para selecionar as seqii€éncias que representam 0s unigenes.
Foram realizadas filtragem, agrupamento, comparacdo de seqiéncias pelo BlastX e BlastN e

anotacdo baseada em GO e SwissProt.
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Figura 2 — Distribuicio do nimero de seqiiéncias que formaram os 276 unigenes
compostos. A maioria (121) foi formada pelo agrupamento de 2 seqii€éncias e o numero

maximo de seqiiéncias por agrupamento foi 14.
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0 Estrutura e metabolismo da parede celular
| Citoesqueleto
O Transporte atravéz das membranas
0O Trafico de vesicular, secrecgao e triagem protéica
B Metabolismo primario
O Metabolismo secundario e de hormdnios
B Cromatina e metabolismo de DNA
531 O Expressao génica e metabolismo de RNA
,
m Sintese protéica e processamento
B Transdugédo de sinal e regulagao pés-traducional
0 Ciclo celular

0O Defesa e salvamento celular

B Estimulo abiético e desenvolvimento

B Fungéo desconhecida

@ Sem homologia

Figura 3 — Distribuicio por classes de funcdo dos 981 unigenes que apresentaram
similaridades a seqiiéncias do GenBank. A maioria ndo possui fung¢do conhecida ou ndo

apresentou similaridade a nenhuma seqiiéncia do banco de dados.



Tabela 2 = Unigenes que apresentaram maior freqiiéncia e suas provaveis fungées

Ref. na N. Provavel fungao Organismo Tamanho E-value

Biblioteca Sequéncias homélogo (pb)

Contig458 5 Aegerolisina Aa-Pri1 Agrocybe aegerita 518pb 3,00E-56

Contig448 5 Ubiquitina/RPS27a Aspergillus fumigatus 639pb 1,00E-75

Contig618 5 Pequena proteina de Laccaria bicolor 571pb 2,00E-48
choque térmico

Contig111 5 Subunidade pequena de Lentinula edodoes 881pb 1,00E-88
RNA ribosomal

Contig451 5 Proteolipidio 3 da Neurospora crassa 394pb 6,00E-22
membrana plasmatica

Contig408 5 Proteina expressa <> 582pb <>

Contig604 Mio-inositol oxigenase Aspergillus oryzae 837pb 7,00E-77

Contig643 6 MBF (multiprotein-bridging Kluyveromyces lactis 643pb 5,00E-37
factor1)

Contig423 6 Pequena proteina de Laccaria bicolor 602pb 3,00E-40
choque térmico

Contig415 7 Hidrofobina SC3 Coprinopsis cinerea 667pb 3,00E-23

Contig622 7 Proteina expressa <> 581pb <>

Contig85 8 Subunidade maior RNA Suillus 2051pb 1,00E-135
ribosomal mitocondrial sinuspaulianus

Contig581 9 Hidrofobina Coprinopsis cinerea 566pb 2,00E-23

Contig488 9 Proteina expressa <> 653pb <>

Contig348 14 Subunidade pequena de Moniliophthora roreri 390pb 0,0

RNA ribossomal ou TAR1p

Outros genes potencialmente relacionados ao desenvolvimento de basidiomas foram
identificados por andlise in silico da biblioteca. Entre os classificados na fungé@o ‘estimulo
abidtico e desenvolvimento’ (Tabela 1, em anexo), estdo, além dos que codificam para
aegerolisinas, aqueles que codificam para citocromo P450 monoxigenase, NADPH-citocromo
P450 redutase, pleurotolisina B, proteinas de choque térmico e septinas (Berne et al., 2007,
Kues e Liu, 2000). Ha alguns provaveis fatores de transcricdo que sdo candidatos interessantes
para estudos posteriores, BTF3, NFX tipo dedos de zinco, C6 e o CCR4-NOT. Os genes
relacionados ao metabolismo primario e secunddrio podem também estar associados a
producdo de basidiomatas, uma vez que a formacdo destas estruturas demanda energia e
producdo de compostos especificos (Kues, 2000). Alguns envolvidos na produgdo de acidos

graxos podem ter funcdo na producdo de lipideos especificos de membrana: delta 9 —
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desaturase de acidos graxos, delta 12 — desidrogenase de acidos graxos, oxigenase de acidos
graxos e sintase de acidos graxos. Outros do metabolismo de glicose podem ser ativados para
a produgdo de reservas dos basidiomas como trealose fosfato sintase, malato desidrogenase e
gliceraldeido 3 fosfato desidrogenase. E outros pertencentes a essas classes de fungdes podem
ser bons candidatos para analises posteriores.

Os transcritos dessa biblioteca foram também comparados in silico com um banco de
transcritos de M. perniciosa obtidos de bibliotecas ndo normalizadas do fungo em condig¢do
saprofitica e semibiotrofica, feitas utilizando o mesmo kit (¢cDNA SMART Library —
Clonthech) (Rincones et al., 2008). Foram identificados 1.209 unigenes que ndo apresentaram
similaridades com as sequiéncias das bibliotecas citadas, sendo assim considerados Unicos da
fase de frutificagdo do fungo. Dentre esses, estdo os genes codificadores para aegerolisinas,
pleorotolisinas B, proteina antigenol associada ao esperma, piml, sorting nexin 3, riboflavina
quinase, fator 1 de alternancia de guanina da Rhol, inibidor da dissocia¢do de GTP da Rhol,
coactosina, proteina de reconhecimento de bases trocadas e DNA cruciforme (mismatched
base pair and cruciform DNA recognition protein), proteina DIF1, ATPases AAA (ATPase
Sfamily associated with various cellular activities), adenilato ciclase, varias outras de fungéo
conservada porém nio identificadas (conserved expressed protein) e varias seqiéncias com
ORFs nao identificadas (expressed protein).

Outra analise in silico foi feita por BlastN utilizando a sequiéncia fasta para comparar
com o banco de dados do genoma de Laccaria bicolor ¢ Ustilago maydis (Tabela 3, anexo II).
Esses dois fungos sdo basidiomicetos também, porém L. bicolor pertence ao subfilo
Agaricomycotina, que produz basidiomatas, enquanto U. maydis pertence ao subfilo
Ustilacomycotina, os quais ndo produzem basidiomatas. A andlise de similaridades dos

unigenes montados a partir da biblioteca com os dados desses genomas mostrou que 692
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unigenes foram similares nos dois bancos de dados, sendo que, destes, 382 apresentaram
similaridade em ambos, 289 foram especificos a L. bicolor e 21 especificos a U. maydis.
Assim, os unigenes que apresentaram similaridade apenas a genes de L. bicolor sdo
potencialmente relacionados a formagdo de basidiomatas. Entre eles, os mais freqiientes foram
aqueles que codificam para hidrofobinas, proteinas de choque térmico e proteinas ribossomais.
Alguns genes relacionados a regulagdo do ciclo celular estiveram entre os especificos a L.
bicolor, especificamente os unigenes que codificam para uma provavel proteina do tipo
homeodominio, uma provavel proteina de cruzamento sexual (‘mating-type’), uma provavel
proteina de transformacgdo viral Jun, e duas provaveis proteinas contendo dominios do tipo
‘dedos de zinco’. Outros também parecem ser bons candidatos para analises, os unigenes que
codificam para o MBF (‘multiprotein-bridging factor’), para uma o-metil-estigmato-cisteina,

para uma lisofosfolipase ¢ uma desidrogenase de acidos graxos delta.

Analise da expressao diferencial de 192 ESTs por macroarranjo

No intuito de analisar a expressdo diferencial de genes candidatos a regulagdo da
diferenciag¢do de micélio secundario do M. perniciosa em suas estruturas reprodutivas, foram
escolhidos 192 candidatos, identificados na biblioteca acima citada, para uma analise de
abundancia de transcritos detectada por macroarranjo, utilizando como sondas amostras de
RNA coletadas durante o cultivo do fungo em condi¢des de frutificacdo. Parte dessa andlise
foi apresentada no artigo publicado recentemente (Pires et al., 2009). Entretanto, agora, aquela
analise foi acrescida de mais amostras coletadas nas fases de micélio ‘rosa’, ‘apos o estresse’ e
‘basidiomatas’. Os 192 transcritos analisados apresentaram uma expressdo diferenciada nos
cinco momentos distintos do cultivo do fungo sob condigdes de inducdo de frutificagdo. O

agrupamento pelo método de correlagdo de Pearson dos dados normalizados, feito com o
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auxilio do programa Gene Cluster, produziu 6 perfis distintos de expressdo (Figura 4). No
grupo I, os genes apresentaram um aumento de transcritos quando os primérdios estavam
presentes e em basidiomatas. O grupo II foi formado por genes que apresentaram um pico de
expressdo bem distinto no momento em que o micélio produziu primordios (grupo II). No
grupo III houve um aumento de expressdo dos genes no micélio que foi coletado apds o
estresse. Outros genes (grupo IV) diminuiram a sua expressdo na fase de micélio rosa
avermelhado e de micélio apos o estresse hidrico, voltaram a aumentar quando os primordios
apareceram ¢ diminuiram novamente em basidiomatas. No grupo V, os genes apresentaram
uma diminuigdo da expressdo na fase do micélio rosa avermelhado, uma elevacdo de
transcritos no micélio apds o estresse € em micélio com primordios, mas a expressdo foi bem
diminuida em basidiomatas. Um ultimo grupo de genes (grupo VI) apresentou dois picos de
expressdo, um na fase de micélio rosa avermelhado e o outro na presenca de primdrdios. Os
valores de expressdo para cada um dos genes desse macroarranjo encontram-se na Tabela 4
(anexo III).

Um gene para aegerolisina (137) apresentou um pico de expressdo na fase de
primordios, porém outros ESTs que provavelmente codificam para proteinas dessa familia (38,
62, 109) continuaram presentes em basidiomatas depois que foram induzidas em primordios
(grupo I). Dois representantes desses genes (118 ¢ 178) foram presentes no agrupamento V e
um foi detectado unicamente na fase rosa (177). Isso indica que essas seqiiéncias
correspondem a genes distintos. Uma analise detalhada desses ESTs por alinhamento de
sequéncias e PCR quantitativo indica que ha pelo menos 2 genes distintos (Pires et al., 2009).
O gene que codifica para a provavel pleurotolisina B ¢ ativo unicamente em primordios, mas

seu precursor esta ativo na fase branca, apos o estresse € em primordios.

86



Alguns genes foram altamente expressos em basidiomatas maduros, entre eles uma
sequéncia conservada, mas de fun¢do desconhecida, um gene para transportador de fosfato
inorganico, um para proteina da familia SCAMP, um para PIM1, outro para proteina DIF1 e
outro para feruloil esterase B. Os mais altamente expressos na fase branca foram: um gene
para septina, outro para citocromo p450 e outro para uma proteina conservada de fungdo
desconhecida. Um gene codificando para a provavel proteina TAR foi altamente expresso
apos o estresse.

A expressdo de hidrofobinas foi variavel, indicando que as seqiiéncias depositadas na
membrana representam genes diferentes. Foram detectados 6 perfis distintos, um expresso
unicamente em primordios (55), outro com aumento de transcritos nas fases branca, apds o
estresse e primordios (58), outro na fase branca, primordios e basidiomas (149), outro na fase
branca e de primordios (139), outro na fase branca e apds o estresse (154) e ainda outro na
fase rosa e de primodrdios (111).

A inibicdo da transcri¢do na fase de primoérdios ocorreu para alguns genes que
provavelmente codificam para ornitina aminotranferase, transportador de glicose, inibidor da
dissociacdo de GTP da Rhol, transportador de gluconato, uma endonuclease reparadora de
dano por UV, glutationa dissulfito redutase, proteina de divisdo celular 123, um fator de
transcrigdo NFX. Esses também podem ser candidatos para andlises posteriores, pois indicam

que devem ser inibidos para que a frutificacdo ocorra.
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Provavel fungéo génica

(184) UBIOUITIN/RPS27A

(3) POLYADENYLATE-BINDING FROTEIN 1 PAB1

(99) 405 RIBOSOMAL PROTEIN S10

(40) INTERSECTIN

(124) MRMA BINDING PROTEIN SRP2

(185) PRECURSOR OF PLEOROTOLYSIN B

(175) CCR4-NOT COMPLEX SUBUNIT CER4

(169) LIKE SORTING NEXIN

(170) CONSERVED EXPRESSED PROTEIN

(157) NADPH DEHYDROGENASE

(146) SMALL HEAT SHOCK PROTEIN

(136) HEAT SHOCK PROTEIN 90

(145) 605 RIBOSQMAL PROTEIN L36

(134) POLYUBIOUITIN

(29) TRANSCRIPTION INICIATION FACTOR TFIID SUBUNIT 10
(5) 3-0XOACIL-ACIL-CARRIER PROTEIN REDUCTASE FABG
(158) MITOCHONDRIAL IMPORT INMMER MEMERANE TRANSLOCASE SUBUNIT TIM 17
(173) 5'-AMP-ACTIVATED PROTEIN KINASE SUBUNIT BETA-2 AMPK
(147) RAS GTPASE-ACTIVATING-LIXE PROTEIN RNG2

(137) AA-PRI1

(159) ENDOCYTOSIS PROTEIN END4

(135) EXPRESSED PROTEIN

(13) DENINE PHOSPHORIBOSYLTRANSFERASE 1

(125) GPI TRANSAMIDASE SUBUNIT PIG-U

(16) GLUTAMATE SYNTASE (NADH)

Posicdo na membrana

005

005
01

015

02 02

O Valores de intensidade normalizados

Amostras

Figura 4. Expressao diferencial de genes em M. perniciosa sob condi¢des de frutificacao
in vitro. A. Amostras coletadas durante o cultivo do 1solado CP02. A1- Cabine de crescimento
contendo micélio fingico no estagio ‘branco’; A2- Micélio do fungo em estagio amarelo; A3-
micélio do fungo em estadgio rosa avermelhado; A4- micélio contendo primordios; A4-
basidiomatas. B. [Ilustragdo do agrupamento hierarquico de 192 genes expressos
diferencialmente no fungo quando amostrado nos estagios 1 a 5. Em destaque, o agrupamento
de genes que apresentou um pico de expressdo na presenga de primordios. C. Perfis de

expressdo dos grupos produzidos pela hierarquizagao feita em B.
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Discussao

Diversos estudos tém sido feitos para entender como o basidiomiceto M. perniciosa
causa a doenca Vassoura-de-Bruxa em cacaueiros. Embora a fase biotrofica do fungo seja a
principal responsavel pela doenca, o patogeno € disseminado unicamente por esporos.
Portanto, entender os mecanismos envolvidos em sua reprodugdo sexual ¢ fundamental para o
entendimento completo da doencga.

A 1dentificacdo de genes especificos da fase de frutificagdo ja foi feita para alguns
basidiomicetos, principalmente os comestiveis como Agaricus bisporus, Agrocybe
cylindracea, Pleurotus ostreatus, Schizophyllum commune e Lentinula edodes (De Groot et
al., 1997; Shim et al., 2006; Kues and Liu, 2000). No caso do M. perniciosa, houve interesses
multiplos para a identificagdo de genes dessa fase. Obter transcritos especificos do fungo seria
fundamental para a identificacdo de genes do seu genoma. Além disso, alguns desses genes
podem ser alvos para futuros bloqueios, de forma a impedir o progresso da doenga ou para
estimulagdo, para melhorar a producéo de esporos em laboratorio. A descrigdo de novos genes
ou a utilizagdo de genes com interesses biotecnoldgicos também foram motivadores para esse

levantamento.

Analise ‘in silico’ dos transcritos obtidos

A caracterizagdo de ESTs (expressed sequence tags) originadas de biliotecas de cDNA
tem sido util para a identificagdo de novos genes em diversos fungos (Ebbole et al., 2004;
Maeda et al., 2004; Peter et al., 2003). A biblioteca de ESTs gerada neste trabalho for muito
importante para a validacdo do genoma de Moniliophthora perniciosa (Mondego et al., 2008)

porque ela € formada por transcritos gerados durante a fase de frutificagdo do fungo. Esta fase
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¢ bem distinta, pois ele ja esta no estagio saprofitico e ndo apresenta a expressdo de genes
responsaveis pela interacdo com a planta. Esta biblioteca também foi utilizada para treinar os
programas de analise utilizados para identificar, por exclusdo, genes da interacdo M.
perniciosa x cacau (Gesteira et al., 2007).

A qualidade da biblioteca foi observada pelo tamanho dos fragmentos, pela
redundancia, pela qualidade das sequiéncias e pela presenca de genes relacionados ao processo
bioldgico analisado. O tamanho dos fragmentos clonados e a estratégia utilizada (Kit
Clontech) permitiram a identificacdo de varios genes inteiros. A redundancia de 44% foi
razoavel e proxima a valores encontrados em outras bibliotecas (Roche et al., 2005; Rincones
et al., 2008). As sequéncias geradas apds limpeza e agrupamento permitiram a formagdo de
1.533 unigenes, sendo 276 representados por seqiiéncias agrupadas e 1.257 por sequéncias
simples. A comparag@o com outros bancos de dados de sequiéncias permitiu a identificagdo por
BLAST de 981 provaveis genes também presentes em outros organismos. Dos 552 ndo
identificados, 453 estdo presentes em M. perniciosa ¢ podem significar novos genes. O alto
nimero de agrupamentos formados com baixo numero de seqiiéncias indica que essa
biblioteca ndo foi extensivamente seqiienciada, porém esse numero de sequéncias geradas foi
suficiente para as analises desejadas.

A classificacdo funcional dos genes identificados por similaridade de sequéncias
mostrou uma freqiéncia de 53,1% de ndo identificados ¢ 12,4% de genes com fungdo
desconhecida. Esses valores sdo proximos dos encontrados para outros fungos (Soanes e
Talbot, 2006). Esses autores observaram que fungos patogénicos como Blumeria graminis
apresentaram um maior nimero de genes desconhecidos em comparagdo a outros ndo
patogénicos e atribuem esse fato a maior divergéncia genética entre eles. O pequeno numero

de sequiéncias depositadas e anotadas nos bancos de dados de ESTs obtidas de basidiomicetos
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patogénicos também pode ser a causa dessa frequéncia elevada de transcritos desconhecidos.
O numero de genes ndo identificados deve aumentar com o aumento de genomas de
basidiomicetos sequienciados. De qualquer forma, nesse banco de ESTs com fungdes
desconhecidos podem estar genes ndo descritos ainda relacionados a essa fase de vida do
fungo e, portanto, sdo importantes para futuras analises.

Com relagdo as fung¢des conhecidas, metabolismo primario e sintese protéica foram as
mais abundantes como o esperado, porém citoesqueleto, defesa celular, cromatina e
metabolismo do DNA e estimulo abidtico foram menores do que os valores observados para as
ESTs obtidas da interagdo Cacau x M. perniciosa (Gesteira et al., 2007). Uma das explicacdes
possiveis ¢ que o numero de fung¢des desconhecidas foi muito maior que nas referidas
bibliotecas e parte dos genes especificos do fungo sdo, ainda, realmente desconhecidos.
Entretanto, na fung¢do de estimulo abiotico, apesar do menor valor proporcional, foram
identificados genes referidos na fase de frutificagdo de outros basidiomicetos.

A abundancia relativa de transcritos obtida por comparacdo de seqiiéncias com um
banco de dados de ESTs do proprio M. pemiciosa serviu para identificar e confirmar genes
presentes unicamente nesta fase, como os que codificam para as aegerolisinas. Essas proteinas
foram identificadas especificamente na fase inicial da formag¢do de primordios de Agrocybe
aegerita, Pleurotus ostreatus ¢ Aspergillus fumigatus, dentre outros, ¢ esta sendo estudada
quanto a sua fungdo especifica no desenvolvimento de estruturas de frutificacdo (Berne et al.,
2002; Vidic et al., 2005; Berne et al., 2007). Ostreolisinas, que fazem parte dessa familia de
proteinas, sd3o hemolisinas que possuem a capacidade de formar poros na membrana
associando-se preferencialmente a lisofosfolipidios. Os poros sdo formados pela complexagdo

de plerotolisina B (Ply B) com a pleurotolisina A (PlyA) (Sepci¢ et al., 2003).

91



Um provavel gene pim1 também foi unico dessa biblioteca na comparacdo in silico.
Ele codifica para uma proteina quinase serino/treonina PIM1 que tem a fungdo de promover o
ciclo celular e induzir a formacdo de tumores (Morishita et al., 2008). Outros genes
interessantes sdo os que codificam para os provaveis reguladores da Rhol, o Rhol-GEF e o
inibidor da dissociagdo Rhol-GTP relacionados a transdu¢do de sinais mediados pelas
proteinas da familia AMPK.

A comparagdo in silico com os genomas de L. bicolor e U. maydis também forneceram
informacdes importantes. Os 289 unigenes que apresentaram similaridades somente a L.
bicolor ¢ ndo a U. maydis podem indicar vias de formagdo de basidiomatas, uma vez que L.
bicolor produz basidiomatas enquanto U. maydis ndo. Entre esses, além das hidrofobinas,
discutidas anteriormente, destaca-se um gene que codifica para um provavel homeodominio
que pode estar relacionado a diferenciacdo de basidiomatas. Como foi mostrado anteriormente
(Pires et al., 2009), M. perniciosa apresenta etapas de diferenciacdo celular para a formagdo de
basidiomatas que implicam em comportamento espacial diferente entre hifas. Em Drosophila
melanogaster, fatores de transcricdo que ativam homeodominios sdo responsaveis pelo
desenvolvimento embriondrio (Li et al., 2008). Além desse, destacam-se também trés
provaveis genes reguladores: um provavel oncogene que codifica para uma proteina de
transformagdo viral Jun, um provavel fator de transcri¢do, que codifica para uma proteina que
possui dominio BTB e ‘dedos de zinco’ e outro provavel fator de transcrigdo que codifica para
outra proteina também com dominio ‘dedos de zinco’. A formacgdo de basidiomatas deve
ocorrer por uma regulagdo de genes em cascata. Desta forma, esses unigenes identificados
podem ser reguladores do desenvolvimento dessas estruturas.

Além desses provaveis genes reguladores, foram similares especificamente a L. bicolor

outros genes relacionados ao metabolismo primario e secundario, metabolismo de DNA,
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transporte através da membrana e sintese protéica. Entre eles s@o listados alguns que
codificam para uma provavel enzima da rota do acido jasmoénico, outro para uma enzima da
rota de aflatoxinas e outro para uma provavel enzima da via de produgdo de acido linoléico.
Também esta presente um gene que codifica para uma lisofosfolipase e outro para o fator de
transcricdo MBF. A degradagdo de lisofosfolipidios pode estar relacionada a regulagcdo do
desenvolvimento de basidiomatas, porque pode participar da regulacdo dos provaveis genes
que codificam para aegerolisinas encontradas nessa biblioteca. Proteinas dessa familia sdo
moduladas por lisofosfolipidios (Sepci¢ et al., 2003). Por outro lado, fatores do tipo MBF

parecem estar envolvidos com pigmentac¢do ou lignificagdo (Walton et al., 2005).

Analise da abundancia de transcritos para 192 genes identificados

Os fragmentos de genes impressos na membrana foram selecionados em fungdo da
analise in silico da biblioteca de cDNA representativa da fase de frutificagdo do fungo. Alguns
genes de fungdo desconhecida foram incluidos, além de representantes de unigenes mais
abundantes. A maioria, porém, foi incluida por apresentar uma fung¢do correlata ao
desenvolvimento de basidiomatas.

O grupo que apresentou aumento de transcritos especificamente na fase de primordios
€ que ndo permaneceram ativos nos basidiomatas parecem ser interessantes para a
identificacdo de genes que estejam atuando na fase de desenvolvimento inicial de
basidiomatas. Nele encontram-se provaveis hemolisinas, além de um gene para uma provavel
proteina pequena de choque térmico, outro para uma intersectina, além de um para a provavel
proteina de endocitose END4 e outros para provaveis func¢des regulatorias como AMPK,

RNG2, CER4 e SRP2. Dois genes com fungdes desconhecidas foram ativos nessa fase e
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podem ser estudados com mais detalhes posteriormente. Entretanto, alguns genes especificos
que foram incluidos nos outros grupos também merecem destaque.

Houve uma confirmagdo de que aegerolisinas participam do processo de formacdo de
basidiomatas, como ocorre em outros fungos, porque todos os ESTs colocados na membrana
indicaram aumento de transcritos na fase de primordios, embora alguns tenham sido ativados
antes, ou se tratam de precursores. Quanto as hidrofobinas, a abundancia de transcritos variou
em cada ESTs depositado na membrana, indicando a existéncia de mais de um gene
codificando para essas proteinas. Esses resultados concordam com os obtidos por Santos com
analises de RT-PCR (Santos, 2005).

A participagdo de aegerolisinas e hidrofobinas na formagdo de primordios ja ¢é
conhecida (Berne et al., 2007, Wosten, 2000). As fungdes exatas das aegerolisinas ainda estdo
sendo desvendadas (Berne et al., 2009). J4& as hidrofobinas formam filmes anfipaticos na
superficie das hifas, protegendo-as do contato com a agua. No caso especifico de formagdo de
primordios de M. perniciosa cultivado ‘in vitro’, uma camada superficial hidrofébica ¢
formada no manto micelial e os primordios em estagio indiferenciado sdo formados abaixo
dessa camada, emergindo posteriormente (Pires et al., 2009). Essa camada parece ser formada
por fusdo de hifas e a hipotese ¢ que essas hifas estejam recobertas por hidrofobinas.

A formacdo do primordio indiferenciado abaixo da camada hidrofobica pode ocorrer
com a participagdo das aegerolisinas. Em fungos esta sendo hipotetizada a sua participagdo na
agregacdo de hifas que ocorre na fase inicial dos primordios (Berne et al., 2002; Berne et al.,
2009). A fungdo hemolitica dessas proteinas ocorre na presenca de lipidios especificos de
células de mamiferos e ndo de fungos (Sepcic¢ et al., 2003; Sepcic¢ et al., 2005).

O aumento de transcritos detectados para os genes que codificam provaveis

intersectina ¢ END4 indica uma regulag¢do de processos endociticos comuns em estruturas em
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desenvolvimento (Fuchs e Steinberg, 2005; Ayscough, 2005). Em primordios iniciais ocorre
remobiliza¢do, acumulo de nutrientes e crescimento hifal (Kues, 2000). O regulador da
expressdo génica AMPK € uma proteina kinase ativada por AMPc que promove produgédo de
ATP e inibe o seu consumo. Essas proteinas sdo ativadas em respostas a varios sinais
nutricionais e de estresses e em conseqiiéncia regulam o estoque de glicogénio e varios outros
metabolitos. Sdo mediadoras de sinais que passam para outras proteinas como Rheb, para
regular a sintese protéica e o crescimento celular, ou Rab, para regular o aporte de glicose
(Beale, 2008). Ela serve como um sensor do estado nutricional da célula (Hue e Rider, 2007).
A formagdo de primdrdios deve ocorrer em resposta a estresses nutricionais (Kues, 2000),
entdo esse resultado indica que isto, de fato, estd ocorrendo em M. perniciosa. Uma analise
mais detalhada por qPCR de genes que sdo regulados pela AMPK indica que isso deve estar
realmente ocorrendo durante a indugdo e formacdo de primordios em M. perniciosa (Pires et
al., 2009). No macroarranjo aqui analisado, o aumento de expressdo de um gene que
provavelmente codifica para RNG2 na fase de primordios colabora com essa hipotese.
Proteinas Ras do tipo Rng2 sdo efetores das proteinas GTPases-Rho e estdo relacionados a
citocinese. A formagdo de lamelas em primoérdios iniciais deve ocorrer por citocinese.

Um gene detectado que apresenta possivelmente a fungdo de fator de transcricdo CCR4
também esta ativo na fase de primordios. CCR4 sdo fatores transcricionais gerais de regulagdo
da transcri¢do, mas também atuam na degrada¢do do RNA (Collart, 2003). O aumento de
expressdo desse gene indica que uma regulacdo pos transcricional estd ocorrendo nessa fase do
desenvolvimento do fungo. E interessante notar que outro provavel regulador pos
transcricional também esteja ativo nessa fase, codificando para uma proteina da familia SR
(proteinas ricas em serina e argininas), que tem fun¢do no processamento de introns

(Graveley, 2000).
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Conclusoes

Esse é um levantamento pioneiro de genes expressos na fase de frutificagdo. Foram
identificados 1.533 genes por analise in silico e 192 foram avaliados quanto ao seu nivel de
transcritos nas diferentes etapas da fase de frutificagdo do fungo. Os perfis de expressdo
produzidos por analise de correlagdo de Pearson a partir das intensidades geradas no
macroarranjo permitiram a identificagdo de alguns transcritos mais abundantes somente na
fase de primordios, entre eles alguns codificando para proteinas reguladoras como AMPK e
RNG2, indicadores de resposta a deficites nutricionais. Genes para hidrofobinas e
aegerolisinas foram confirmados como participantes do processo de formacdo de primordios.

Os genes identificados por similaridade de seqiiéncias abrem caminho para novos
estudos incluindo analises de expressdo e funcionais. Uma analise global dos genes dessa
biblioteca indica que realmente deve ocorrer ativacdo da produgdo de primordios em resposta
a estresses nutricionais e ambientais, porém, somente com andlises funcionais posteriores, sera

possivel elucidar a participag¢do dos genes aqui levantados na formagéo dos basidiomatas.
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Abstract

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

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

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

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

pathogenicity in the M. perniciosa/cacao pathosystem.

Background

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

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

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

The Witches' broom Genome Project http:

www.lge.ibi.unicamp.br/vassoura involving several Bra-
zilian laboratories was initiated to increase the knowledge
of this disease. The genome size, chromosomal polymor-
phism, genetic variability and the M. perniciosa mitochon-
drial genome have already been described [10-12].
Additionally, a biochemical study revealed the metabolic
modifications that occur in cacao plantlets during WBD
development [13]. Technical improvements have been
achieved in the manipulation of cacao [14,15] and M. per-
niciosa [16,17]. One of the main bottlenecks in M. pernici-
osa research was solved with the development of the in
vitro production of biotrophic-like cultures [18]. Necrotic
inducing proteins expressed by M. perniciosa have been
characterized [19], and the analysis of EST libraries and
DNA microarrays have identified differentially expressed
genes during its development [[20]; A.B.L. Pires et al.,
unpublished data| and for the interaction of the fungus
with cacao [21,22]. Despite the substantial progression in
understanding WBD, many questions remain unsolved,
mainly those concerning the mechanisms controlling
processes such as: (1) the fungal switch from biotrophism
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to saprotrophism; (ii) the drastic phenotypic alteration of
cacao during disease development and (iii) the death of
infected tissues. In vitro cultures in our laboratory demon-
strate that this fungus has a great capacity to adapt to
media containing different sources of carbon and nitro-
gen and it is able to grow in extremely nutrient-poor
media. These results together with the fact that hemibio-
trophic fungi, such as M. perniciosa, display complex life-
styles [23] suggest that this fungus has a significant
genomic and transcriptomic plasticity that contributes to
the successful pathogenic mechanisms expressed during
its life cycle. In a recent review, Meinhardtet al., give a his-
torical account and summarize the current state of knowl-
edge about WBD [24].

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

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

http://www_biomedcentral.com/1471-2164/9/548

www.jgi.doe.gov, which could provide a rich database for
additional Basidiomycota genomic survey evaluations.

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

Results and discussion

Genome assembly and estimation of genome size

A diagram flow describing the bioinformatic procedures
applied in the M. perniciosa genome survey are depicted in
Figure 1. After sequencing, a total of 124,565 reads were
obtained and assembled using the whole genome shotgun
strategy. During the initial assembly process, a large contig
including 6,920 reads was found. This contig was identi-
fied as the mitochondrial genome of the fungus (RefSeq
NC_005927), which comprised approximately 6% of M.
perniciosa  sequences [12]. The remaining genome
sequences were assembled resulting in 17,991 contigs and
7,065 singlets with average lengths of 1,300 bp and 455
bp, respectively. The largest contig consisted of 25,364 bp,
and was formed by 513 reads. The sum of all reads was
close to 75 Mbp and the total assembly consisted of 26.7
Mbp (Fig. 1).

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

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

www.lge.ibiunicamp.br/biocyc/MP (see below).

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

Gene content

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

http://www_biomedcentral.com/1471-2164/9/548

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

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

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

Calculated from assembling

Calculated from LW theory

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

Average gap size (bp) -

24,950
18,370
24951
1,152
413
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significant similarity to GenBank sequences (Fig. 1 and
Fig. 2).

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

Ab initio Gene Models Extrinsic Gene Models
13640 12249

2689

(900 + 1789)

4980 +

16329

Figure 2

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

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

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

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

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

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

Organism Comparison Genes with®* BLASTX hits Genes with Top BLASTX Hits
Laccaria bicolor 9910 (60.6%) 4811 (29.27%)
Coprinopsis cinerea 10649 (65.1%) 3281 (19.97%)
Phanerochaete crhysosporium 9311 (57.0%) 2021 (12.30%)
Fusarium graminearum 5904 (36.1%) 57 (0.35%)
Magnaporthe grisea 5645 (34.5%) 39 (0.2%)
Ustilago maydis 5488 (33.6%) 42 (0.26%)
Cryptococcus neoformans 5454 (33.4%) 78 (0.47%)
Neurospora crassa 5127 (31.4%) 16 (0.10%)
Saccharomyces cerevisiae 3296 (20.2%) 4 (0.02%)

All NR database 11349 (69.5%) =

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

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

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

e
o
!

¥=0.0942% + 0.7563
R?*=08175 4

W
L

0.5 1

Average number of M. permiciosa gene models
e
L

fs+—rTTTT—T—T—T—T—T
o W P P P P @ @

Protein length in Coprinus cinereus (aa)

Figure 3

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

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

The overall M. perniciosa genomic features are summa-
rized inTable 3. The genomic clusters of M. perniciosa were
submitted to NCBI (GenomeProject ID 28951, Locus-tag
prefix MPER) and the Whole Genome Shotgun project has
been deposited at DDBJ/EMBL/GenBank under the
project accession ABRE00000000. The version described
in this paper is the first version, ABRE01000000.

Overall Functional Annotation and Metabolic maps

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

Gene Density
1,2 8 Kyivila fastidfass
Haloquadratum walsbyl
o Escherichia colf K12
@ Thetloria parva
1 SaCCharomyces corevisiae
& Schirosaccharomyces pombe
ncticka Afbicaris
0.8 Cryptococeus nestarmans
a0 Ustfago maydis
X< Phanerochaede chysosparnicm
@ &) Coprinopsis cinerea
o 0,6 A\ Fusarim geaminsarum
= Magnaporthe prisas
= Nerospara crasea
(0] 0,4 ;M\mml'nﬁ’!mnmpurwma
Laccana bicolor
< Ciana lntastinalls
0,2
o+ "
1 10 100 1000
Gencme Lenght (Mb)
Figure 4

Correlation of various organisms' genome size and
number of genes (Gene Density). Error bar in M. pernici-
osa data point depicts the Standard Deviation (SD + 0.05) of
Gene/Kbp ratio using ab initio predicitions, extrinsic predic-
tions and the sum of both predictions (see text).
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Table 3: Moniliophthora perniciosa genome survey features

http://www_biomedcentral.com/1471-2164/9/548

Genome survey features Values
Contigs 17,991
Contigs size (average) 1.3 Kbp
Singlets 7.065
Singlets size (average) 455 bp*
Sum of all reads 75 Mbp
Assembly size 26.7 Mbp
Estimated genome size 39 Mbp
Coverage 1.92x
Gene models

Ab initio gene models 13,640

Extrinsic gene models 12,249

Total gene models 16,329

Gene density

Average gene size
GC content overall
GC content coding
GC content nen coding
Intron size (mode)
Intron size (average)
Exon size (mode)
Exon size (average)
AutoFACT annotation
Classified (Hits)
Assigned (Conserved expressed proteins)
Unassigned (Censerved hypothetical proteins)
Uneclassified (Mo Hits)

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

41.7

49.7

46.8

52bp

63 bp

&0 bp

166 bp

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

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

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

The program AutoFACT |47], an automated annotation
tool, was used to evaluate the putative functions of M. per-
niciosa gene models. This program determines the most
informative functional description by combining multi-
ple BLAST reports from a number of user selected data-
bases, and provides a consensus result [47]. AutoFACT
classifies proteins as "classified proteins”, which can be
"assigned” (containing similarity to proteins with anno-
tated function) or "unassigned” (containing similarity to
proteins with unknown function), and "unclassified pro-
teins” (without similarity to any other protein in data-
banks). Using this software, 73% of gene models (11,950)
were annotated as previously classified proteins. From
these 7,416 (45%) were assigned proteins, and 4,534
(289%) were classified as unassigned proteins, which can

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

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

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

MCL family ID #members? MNorm Factorb Norm #memberse Manual annotationd

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

4 84 1.35205 62 Conserved hypothetical protein

3 84 |.46889 57 Alcohol oxidases and GMC oxidoreductase
5 82 1.26479 65 Gypsy like-retrotranspon

6 76 1.57535 48 Serine threonine kinase

7 64 1.54312 41 Conserved hypothetical protein

8 59 1.54180 38 Conserved hypothetical protein

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

I 52 1.34190 39 Cytochrome P450

12 50 1.52169 33 Serine threonine kinase

13 46 1.18098 39 Conserved hypothetical protein

14 43 1.21555 35 Cytochrome P450

15 41 1.45275 28 Carboxylesterase/lipase

16 39 1.67524 23 Gypsy like-retrotranspon

17 38 1.26598 30 Hexose transporter

19 35 111159 3l MFS transporter

18 35 1.43881 24 Splicing factor

20 32 1.17902 27 Laccase — Mulitcopper oxidase

a— Number of gene models present in each family

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

¢ — Nermalization number of gene models present in each family

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

could possibly be linked to M. perniciosa physiological
characteristics.

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

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

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

metabolic map with the fungal model Saccharomyces cere-

visiae S288C (documented with 132 pathways, 925 enzy-
matic reactions, and 675 enzymes - hup://
www.lge.ibi.unicamp.br/biocyc/comparatives/MP-SCER)
showed that M. pemniciosa has more metabolic pathways
than S. cerevisiae; a result that corresponds to the smaller
genome size of 8. cerevisiae and possibly the more com-
plex lifestyle of M. perniciosa. Interestingly, M. perniciosa
has a higher number of reactions involving O,, CO,,
H,0,, and NAD(P)+/NAD(P)H than S. cerevisiae, suggest-
ing a greater capacity to use and deal with oxidation-
reduction reactions (Additional File 5 - worksheet com-
pounds). We also detected reactions with farnesyl pyro-
phosphate and dimethylallyl-diphosphate, which are
involved in the biosynthesis of the secondary metabolites
such as isoprenoids and indoles. Moreover, according to
BioCyc analysis, M. perniciosa has more amino acid cata-
bolic pathways, alternative carbon sources degradation
and biosynthesis routes and C1 compounds (i.e., metha-
nol) utilization and assimilation reactions than S. cerevi-
siae (Additional File 5 - worksheet pathways). These
pathways are under manual annotation and will be pub-
lished on BioCyc web page. The existence of these path-
ways in M. perniciosa suggest ecological and physiological
adaptations to environmental stresses; to competition
present in its native habitat in the Amazon Basin, and to
traits that enable it to colonize cacao and trigger WBD.

Page 9 of 25

(page number not for citation purposes)

113



hitp:/fwww. biomedcentral.comi1471-2164/9/548

BMC Genomics 2008, 9:548

Table 5: Top 20 CDD-PFAM domains in M. perniciosa proteins

114

CDD -1D> Domain PFAMb #HitscDomains %Hitsd PTN  Ranke= Morm Factor # Hitse Domains  %Hits" PTNH Norm  Ranki Norm
Norm

gnl|CDD 40168 pfam000&7, Cytochrome P450 254 I.57% | |.3565 18871427 IL15% [

gnl|COD[40170  pfam000&%, Protein kinase 141 0.86% 2 |.6059 87.80184 0.54% 2

gnl|CDD[40184  pfam00083, Sugar (and other) transporters 89 0.54% 3 1.6902 5265651 032% 3

gnl|CDD[40206  pfam00106, adh_short, short chain 84 051% 4 17141 49.00442 0.30% 4
dehiydrogenase

gnl|CDD|40235  pfam001 35, COesterase, Carboxylesterase 57 0.35% 5 1.4738 38.67603 0243 5

enl|CDD[40207  pfam00107, ADH_zine_M. Zinc-binding 43 0.26% g 123598 34.68221 0.21% &
dehydrogenase

gnl|CDD[40813  pfam00732, GMC_oxred N, GMC 52 0.32% & 1.5402 3376192 0.21% 7
oxidoreductase

gnl|COD 40345 pfam00248, Aldo_ket_red, Aldo/keto 41 0.258% 9 |.2a81 3|.83088 0.19% 8
reductase family

gnl|CDD[41245  pfamO1 185, Hydrophobin, Fungal 26 Ola% 21 0.8460 3073119 0.19% 9
hydrophebin

enl|CDD[40253  pfam00153, Mito_carr, Mitochondrial carrier 38 023% 12 1.38%0 27.35860 Q17 10
protein

gnl|CDD[40748  pfam00&65, rve, Integrase core domain 50 3% 7 1.8943 26.39449 Q1 6% I

gnl|CDD[40493  pfam00400, WD40, WD domain, G-beta 35 0.21% I3 I.5151 23.10130 0.14% 12
repeat

gnl|CDD 40179  pfam00078, RVT, Reverse transcriptase 39 0.24% 1 1.7620 22.13448 0.14% 13

gnl|COD[45101  pfam0519%, GMC_oxred C, GMC 28 017% I & 1.2741 21.97654 013% 14
oxidoreductase

gnl|CDD[40588  pfamD0501, AMP-binding, AMP-binding 40 0.24% 10 1.8537 21.57819 0.13% |5
enzyme

gnl|CDD 41412 pfam01360, Monooxygenase, 25 QuI5% 22 1.2253 20.40382 Q2% &
Monooxygenase

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

gnl|CDD[40367  pfam00270, DEAD, DEAD/DEAH box 30 0.1a% |5 1.5947 18.81230 0.12% &
helicase

gnl|CDD[4041%  pfam00324, AA_permease, Amino acid 26 0la% 20 | 464 17.75798 Q% 19
permease

enl|CDD[41783  pfam01753, zf-MYMND, MYND finger 25 0.15% 23 |.4288 | 7.49737 0.1% 20

a— MNumber of COD entry
b — Mumber and description of

PFAM domain

¢ — MNumber of gene models containing each CDD-PFAM dormain

d — Percentage of gene models containing each CDD-PFAM domain in relation to total number of M. perniciosa gene models (proteins).
& — Nen-normalized CDD-PFAM ranking
f — Facter used to normalize the number of gene models conmining each CDD-PFAM domain (see methods)
g — Normalized number of gene models conrtaining a COD-PFAM domain
h — Percentage of normalized number of gene models centaining each CDD-PFAM domain in relation te total number of M. pemiciosa gene models (proteins)
i — Mormalized M. pemiciosa CDD-PFAM ranking
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Detoxification and general resistance mechanisms:
cytochrome P450 monooxygenases, efflux transporters
and anti-oxidative apparatus

Based on CDD-PFAM and MCL analyses gene members of
the oytochrome P450 monooxygenase superfamily are
prevalent in the genome of M. perniciosa (Tables 4 and 5;
Additional File 3 — Worksheet P450; Additional File 4).
Cytochrome P450 monooxygenases play a role in hydrox-
ylation and oxidation processes involved in biosynthesis
and degradation of different compounds [50]. Therefore,
a large number of gene models similar to oytochrome
P450 monooxygenases suggest a significant capacity for
synthesis of secondary metabolites, such as hormones or
toxins, and for detoxification. Among the fungi analyzed,
M. perniciosa has the highest number of cytochrome P450
monooxygenase genes (188 gene models) representing
1.15% of the gene models (Fig. 5A). Saproprotrophic
basidiomycetes P. chrysosporium and C. cinerea and the
hemibictrophic ascomycetes AMagnaporthe grisea and
Fusarium graminearum also have more than one hundred
caytochrome P450 monooxygenase genes representing
between 1.25% and 0.9% of their gene models (Figure 54;
Additional File 4). The basidiomycete L. bicolor (an ecto-
mycorrhizal fungus) and the ascomycete Neurospora crassa
(a fire-scoured landscape colonizer) follow with fewer
genes. U. maydis (a biotrophic pathogen), C. neoformans
(an animal pathogen) and S. cerevisiae (a fermentative
fungus) have the fewest cytochrome P450 monoocoxygen-
ase genes of the fungi compared in this study (Fig. 5A;
Additional File 4). This analysis clearly demonstrates the
prevalence of cytochrome P450 monooxygenases in
saprotrophic and hemibiotrophic fungi, which have to
hydrelize complex wood polymers and deal with a highly
oxidative environment. As discussed by Gonzalez and
Nebert [50], cytochrome P450 moncoxygenase polymor-
phisms may be the product of the "molecular warfare"
that occurs during the co-evolution of preys and preda-
tors, which produce toxins and detoxifying genes, respec-
tively. This logic can be extrapelated to the plant-fungus
interaction, and in that sense, we believe that the plethora
of cytochrome P450 monocoxygenases in M. perniciosa
may be critical to detoxification and environmental adap-
tation as well as for disease development.

Another set of proteins related to detoxification processes
are the efflux transporters. Similarity searches in the Trans-
port  Classification  Database (TCDB - htipy//
www tedb org) [51] which compare the genome of M. per-
niciosa with other fungal genomes [Additional File 3 -
Worksheet Functional annetation and Worksheet Trans-
porters) verified an extended set of efflux transporters
from classes 3.A.1 (ABC superfamily) and 3.A.3 (P-type
ATPase Superfamily). The majority of ABC transporters
identified in M. perniciosa belong to the Pleiotropic Drug
Resistance (PDR) family and the ABC Conjugate (ABCC)

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

Transporter family. These proteins have been associated
with fungal pathogenesis [52] and heavy metal resistance
[53]. The members of P-type ATPase superfamily in M.
perniciosa include phosphelipid translocating ATPases
family and fungal ENA-ATPases transporters, which are
involved with the efflux of excessive Na+, and especially
K+, encountered by fungi during colonization of plants
[54].

During the plant defense, reactive oxygen species (ROS)
are produced to limit the pathogen invasion [55]. How-
ever, pathogenic fungi produce antioxidant enzymes that
enable them to neutralize host ROS. M. perniciosa contains
a myriad of O, and H,0, decomposing enzymes such as
superoxide dismutases, catalases, peroxiredoxins, glutath-
ione-system, thioredoxin-system enzymes and manga-
nese dependent peroxidases (Additional File 3 -
Worksheet Functional Annotation). Therefore, this fungal
genome harbors a complete ROS detoxification system.
Reports indicate that H, 0, favors necrotrophic pathogens
infection [56,57]. Furthermore, M. perniciosa produces
calcium oxalate crystals (COC) [58], and a cacao suscepti-
ble genotype accumulates COC during M. pemiciosa infec-
tion, followed by a programmed cell death [PCD]) [59].
The degradation of COC produces carbon dioxide and
H,0,, suggesting that COCs can be important to necro-
trophic mycelia development. In addition, oxalate
chelates Ca2+, an important secondary plant defense mes-
senger and a key cross-linker of pectin in the middle
lamella pectin [60], and was found to be a trigger of PCD
in plants [61]. These findings suggest that oxalate favors
M. perniciosa infection by disorganizing plant defense and
plant cell wall structure, by facilitating the action of fungal
pectinases and possibly triggering PCD in the later stages
of WBD [59].

Genaeme variability: Mating-type genes and transposable
elements

Seven M. perniciosa gene models were found to be similar
to pheromone receptors (Additional File 3 - Worksheet
Functional Annotation). As a primary homothallic fun-
gus, M. perniciosa does not use its mating type system to
outcross, but probably to promote the formation of clamp
connections, hyphae dikaryotization and for the expres-
sion of pathogenicity genes as in U. maydis [62]. Previous
reports have indicated that M. periciosa exhibits high
genetic variability at the molecular level [11,63,64]. This
level of variability may be the reason M. perniciosa over-
comes resistant genotypes of cacao, such as Scavina 6 [65].
Furthermore, it has been postulated that the genome var-
iability found in homothallic M. perniciosa may be due to
transposable elements (TEs) and ectopic recombination
guided by the numercus copies of these elements found
in the genome [10]. The fact that retrotransposons were
identified in EST libraries and differentially expressed dur-
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Figure 5

Comparison of M. perniciosa protein families with other fungi. (A) comparison between cytochrome P450 monooxy-
genases, carboxylesterases, deuterolysins, thaumatins and aegerolysins; (B) comparison of plant cell wall degrading enzymes
from fungi that interact with plants. Mp = Moniliephthora perniciosa, Lb = Laccaria bicolor, Cc = Coprinopsis cinerea, Pc = Phanero-
chaete chrysosporium, Um = Ustilago maydis, Mg = Magnaporthe grisea, Cn = Cryptococcus neoformans, Fg = Fusarium graminearum,
Nc = Neurospora crassa, Sc = Saccharomyces cerevisiae. The legend at the right refers to the nomenclature of plant cell wall
degrading enzymes according to CAZy htp://www.cazy.org.
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ing M. perniciosa development [20], indicates that they are
active elements, which could contribute to genetic varia-
bility. Among the M. perniciosa TE families, Gypsy-like ret-
rotransposons were the most abundant, followed by
Copia-like retrotransposons (Tables 4 and 5; Additional
File 2; Additional File 3 - Worksheet Transposons). TEs
similar to P. chrysosporium Copia-like elements were found
in M. perniciosa genome inserted within putative cyto-
chrome P450 monooxygenase genes [66]. Curiously, they
were also inserted in a P, chrysosporium cytochrome P450
monooxygenase subfamily (Additional file 2 - family
255; Additional File 3 - Worksheet P450), suggesting that
these TEs may have a common ancestral origin in Basidi-
omycota. Retroelements of the tyrosine recombinase (YR)
order [67] and DNA transposons (class II transposons)
from CACTA [68], hATC [69,70] and Tc/Mariner [71]
superfamilies were also found. Finally, a previously
described Bote DNA transposon [MV. Queiroz et al.,
unpublished data] from the PIF/IS5 superfamily [72] was
also identified in a MCL family (Additional File 2 - family
251; Additional File 3 - Worksheet Transposons).

Plant Hormonal Disarrangement: Fungal genes related to

plant hormones biosynthesis

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

Another interesting discovery in the M. perniciosa genome
is the presence of genes encoding enzymes of two biosyn-
thetic pathways of indole-3-acetic acid (IAA), the most
abundant natural plant auxin. We found a gene similar to
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plant nitrilases (E.C 3.5.5.1) which catalyzes the direct
conversion of indole-3-acetonitrile into ammonia and
IAA. Additionally, potential genes for the IAA-producing
tryptamine pathway (one tryptophan decarboxylase, cop-
per amine oxidases and a hypothetical indole-acetalde-
hyde oxidase) were found (Fig. 6; Additional File 3 —
Worksheet Functional Annotation). Furthermore, a man-
ual annotation of EST libraries reveal the presence of an
aromaticamino acid aminotransferase, which could make
part of Indole-3-pyruvate IAA biosynthetic pathway (Fig.
6). IAA regulates many plant biological processes includ-
ing cell elongation and fruit ripening. Recently, the pres-
ence of TAA in M. perniciosa basidiocarps was reported
[78]. 1AA is produced by other fungal phytopathogens
such as biotrophics U. maydis and Taphrina defermans and
hemibiotrophic Colletotrichum glocosporicides sp. [79-81],
and induces filamentation and invasive growth in S. cere-
visiae [82]. Curiously, both Gibberellin and IAA induce
fruit parthenocarpy and act synergistically in plant organ
expansion [83], both of which are traits of WBD.

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

Pathogenicity: Fungal effectors and pathogenicity
associated proteins

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

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

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

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

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

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

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

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

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

Curiously, M. perniciosa is able to use methanol as the
only carbon source (data not shown), indicating that this
fungus may have a methylotrophic metabolism. Methylo-
trophism have been extensively studied in methylo-
trophic yeasts such as Pichia angusta and recently
methanol oxidases (MOX) have been described in fila-
mentous fungi such as C. fulvum [116] and wood-degrad-
ing basidiomycete Gloephyllum trabeum [117]. A gene
encoding a MOX was identified in M. perniciosa genome
(Additional File 3 - Worksheet Functional Annotation).
Interestingly, this gene was previously detected as being
overexpressed in biotrophic-mycelia [20]. The methanol
catabolism enzymes formaldehyde dehydrogenase and
formate dehydrogenase (Additional File 3 - Worksheet
Functional Annotation) were also found in the genome,
which provides evidence that M. perniciosa indeed hydro-
lyzes methanol. Methanol is, possibly, derived from the
first step of pectin hydrolyzation performed by the cell
wall degrading enzyme pectin methylesterase [118], or
from demethylation of lignin that occurs after manganese
peroxidase and/or laccase action [117]. We can not dis-
count the possibility that the biotrophic fungi can use the
methanol produced by pectin metabolism during normal
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Figure 7

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

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

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

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

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

Nitrogen starvation also appears to be a factor that influ-
ences the biotrophic lifestyle [124] and is associated with
the expression of pathogenicity genes and PCWDE,
mainly in hemibiotrophic and biotrophic fungi that deal
with nutrient deprivation during early infection [125].
Our data from microarray and EST analysis suggests that
nitrogen catabolite repression (NCR) occurs in M. pernici-
osa by the induction of GABA permease, tRNA synthetates
and AROM protein [20]. As reported previously [20]M.
perniciosa contains a gene homologous to CLNR1 from the
hemibiotrophic fungus C. lindemuthianum (Additional
File 3 - Worksheet Functional Annotation), a global nitro-
gen regulator that belongs to the AREA/NIT2 family.
CLNR1 activates enzymes and transporters that enable
uptake and catabolism of secondary nitrogen sources
|126]. The depletion of CLNR1 impaired the fungal switch
to necrotrophy [124], emphasizing the importance of
nitrogen catabolism in hemibiotrophic development. Our
genomic data mining identified a gene similar to NPR2,
which encodes a regulatory protein that may act upstream
of the AREA/NIT2 protein (Additional File 3 - Worksheet
Functional Annotation). NPR2 is required for the expres-
sion of the M. grisea pathogenicity gene MPG1 [127]. In
addition, genes that encode enzymes involved in alterna-
tive nitrogen sources uptake (i.e., CABA transporter, urea
permease and nitrate transporter) and metabolism (i.e.,
urease, nitrate reductase, nitrite reductase, arginase and
uricase) were identified (Additional File 3 - Worksheet
Functional Annotation). The presence of such genes in M.
perniciosa genome indicates that this fungus could allocate
and utilize alternative nitrogen sources in the absence of
preferential nitrogen sources (glutamine and ammonia)
reinforcing our hypothesis that M. perniciosa suffers NCR
during early stages of WBD.

Conclusion

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

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

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

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

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

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

Methods

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

Clustering

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

Genome Length Statistical Validations

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

Gene Finding

EST against genome alignments

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

Ab initio gene models prediction

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

Ab initio gene models ranking

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

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

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

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

ity;

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

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

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

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

grams in a dataset of 60 genes structures visually
inspected.

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

Extrinsic gene models prediction

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

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

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

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

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

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

tRNA prediction

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

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

Normalization of gene family data

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

Automatic Annotation and Metabolic Maps

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

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

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

Selection and expression confirmation of no hits ab initio
gene models

The selection of ab initio gene models was performed
using a SQL query wizard. As input, we ask for gene mod-
els without similarity in GenBank NR, which encoded
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proteins that contained at least 2 cysteines and a signal
peptide, previously identified by Signal-P 3.0 program
[134]. 74 gene models were then selected and their nucle-
otide sequences were used as template for the design of
primers nested in: (i) the sequence encoding the putative
signal peptide (SPE); (ii) the sequence encoding the puta-
tive first amino acid of mature protein (MAT) and; (iii)
the sequence containing the putative stop codon (END).
The latter was designed in reverse complement ("reverse")
to allow gene amplification using the other two primers
("forward"). RT-PCR analysis was performed to validate
the expression of ab initio predicted gene models. RNA
from saprotrophic mycelia was extracted using hot-phe-
nol method with modifications [135]. Equal amounts of
total RNA from CP02 saprotrophic mycelia cultures (24 h,
48 h, 4 days and 7 days) were mixed. After DNase (Invit-
rogen, USA) treatment, 2 pg of total RNA was reverse tran-
scribed using Superscript RTII (Invitrogen, USA) in a total
volume of 20 pl, following the manufacturer's instruc-
tions. PCR reactions were conducted according to primers
(MWC, Imprint Cenetics Corp) temperature of melting
(TMs).
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ABC: ATP Binding Cassette; AOX: Alternative oxidase; bp:
base pairs; COC: calcium oxalate crystals; CTAB: Cetyl tri-
methylammonium bromide; EDTA: Ethylenediamine-
tetraacetic acid EST: Expressed Sequence Tag; FPR: Frosty
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Additional material

Additional file 1

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

Click here for file
[http://www.biomedcentral.com/content/supplementary/ 147 1-
2164-9-548-51.pdf]

Additional file 2

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

Click here for file
[http://www.biomedcentral.com/content/supplementary/ 147 1-
2164-9-548-52.xls]

http://'www_.biomedcentral.com/1471-2164/9/548

Additional file 3

Functional annotation of M. perniciosa gene models discussed in this
paper. 1D: gene model; First Hit (BLASTX-NR): Most similar sequence
in GenBank; E-value: E-value of most similar sequence; AutoFACT anno-
tation: automatic annotation by AutoFACT; AutoFACT E-value: E-value
of AutoFACT annotation; EST: presence (Y) or absence of an EST aligned
in this gene model; MCL family: family annotated by MCL analysis.
Worlsheet P450: annotation of gene models similar to cytochrome P450
monooxygenases; Worksheet transposons: classification and annotation of
gene models similar to transposable elements; Worksheet unknown gene
families; annotation of top 20 MCL unknoun gene families; Worksheet
functional annotation: classification and annotation of gene models sim-
ilar to efflux transporters, anti-oxidative enzymes, phytohormones biosyn-
thesis related proteins, pheromone receptors, salicylate hydroxylases,
effectorsfelicitors/pathoghenicity associated proteins, cell wall degrading
enzymes and intermediary metabolism enzymes (cytochrome pathway
bypass, Glyoxylate pathway and oxalate formation, glycerol uptake and
metabolism, extracellular sugar degrading enzymes and nitrogen regula-
tion, uptake and metabolism enzymes), EC = enzyme classification hiip:/
lexpasy.orglenzyme/; Worksheet transporters; Relative percentage of
transporters distribution in fungi genomes (see methods).

Click here for file

[http://www.biomedcentral. com/content/supplementary/1471-
2164-9-548-83 xls]

Additional file 4

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

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-548-54 xls]

Additional file 5

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

Click here for file
[http://www.biomedcentral.com/content/supplementary/ 147 1-

2164-9-548-55.xls]
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Additional file 6

Annotation of gene models with no similarity in BLASTX-NR encod-
ing hypothetical small secreted proteins containing at least 2 cysteines.
1D: gene model; # residues: number of amine acids of predicted protein
encoded by the gene model; # cysteines: number of cysteines in predicted
protein; Binomial RT: statistical analysis of cysteines presence in gene
madels (see methodological details in the file).

Click here for file
[http://www.biomedcentral.com/content/supplementary/ 147 1-
2164-9-548-56.xls]

Additional file 7

Primers used in the amplification of no hits gene models encoding
hypothetical small secreted proteins containing at least 2 cysteines. 1D:
gene model; Set of primers: Group of primers used for the amplication of
a gene model. Primer sequence: sequence of primers (SPE — nested in
sequence encoding the putative signal peptide; MAT — nested in sequence
encoding the putative first amino acid of matuwre protein; END - nested
in sequence containing the putative stop codon). Amplification: positive
(Y) or negarive (N); EST: presence (Y) or absence (N) of an EST aligned
in this gene model; Length: length of amplicon in genomic and cDNA
using o combinations of primers (SPE-END; MAT-END).

Click here for file
[http://www.biomedcentral.com/content/supplementary/ 147 1-
2164-9-548-57.xls]

Additional file 8

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

Click here for file
[hitp://www.biomedcentral.com/content/supplementary/ 147 1-
2164-9-548-58.pdf]

Additional file 9

Comparison of plant cell wall degrading enzymes in fungi that inter-
act with plants. PFAM entries were corvelated with the CAZy nomencla-
ture http:/funew. cazy.org of plant cell wall degrading enzymes.

Click here for file
[http://www.biomedecentral.com/content/supplementary/ 147 1 -
2164-9-548-59.pdf]

Additional file 10

Genomic survey sequences and gene models nomenclature.

Click here for file

[http://www biomedcentral.com/content/supplementary/ 147 1 -
2164-9-548-510.pdf]
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CONCLUSOES FINAIS

O homobasidiomiceto M. perniciosa possui um ciclo de vida caracteristico de
fitopatogenos hemibiotrdficos. Ele penetra na planta, induz sintomas, torna-se saprofitico e
se reproduz sexuadamente para a producdo de seus propagulos infectivos, os basididsporos
que re-infectam outras plantas ou outras partes da planta afetada. O conhecimento de todos
os detalhes de seu ciclo de vida ¢ importante para o cultivo de espécies susceptiveis e
também para o conhecimento de processos que podem ser similares em outras espécies.

Foram apresentadas aqui trés partes de um trabalho onde este fungo foi analisado em
mais detalhes. No primeiro deles, foi feito um estudo pioneiro sobre a morfogénese de
basidiomatas e provaveis genes envolvidos na ativagdo inicial dessas estruturas e em seu
desenvolvimento. O principal objetivo foi aumentar a compreensdo do final do ciclo de vida
desse patogeno. Por meio de analises feitas com auxilio de estereoscopia, microscopia dtica
e de varredura foi possivel identificar algumas fases do desenvolvimento dessas estruturas e
perceber modificagdes no padrdo geral das hifas no micélio que antecede a frutificagdo. Foi
observada jung¢do de hifas e formacdo de hifas em anel e ornamentadas como também ocorre
em Pleurotus sp. Uma camada superficial hidrofobica foi formada em micélio cultivado e os
primeiros sinais da formacdo dos basidiomatas foram observados internamente a essa
camada, na forma de aglomerados com hifas com intensa atividade celular. Foram
observados também primdrdios imaturos e primordios diferenciados. A diferenciagdo foi
observada em mais de uma etapa e o padrdo apresentado comparado ao de outros
basidiomicetos. A seguir, foi feita uma analise de expressdo em duas fases contrastantes,

uma no Inicio do cultivo e outra quando ja havia primordios presentes de 192 ESTs. Houve
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uma distingdo clara de dois grupos de genes, ativados ou reprimidos na presenca de
primérdios. Entre os ativados, destacam-se alguns que codificam para hidrofobinas,
citocromo monooxigenases e proteinas da familia Ras e entre os reprimidos, os que
codificam para calmodulina e PIM1. Doze deles foram re-analisados por qRT-PCR. Essas
analises mostraram perfis de expressdo que indicam que a ativagdo do desenvolvimento dos
basidiomatas ocorre ainda na fase rosa. Também mostram o envolvimento da rota do AMPc
ativado por niveis de glicose e a participacdo de aegerolisinas e proteinas da familia Ras,
além do fator MBF.

O segundo trabalho mostra a construgdo e analise de uma biblioteca de sequéncias
curtas expressas (ESTs) produzida a partir de uma mistura de RNAs obtidos de amostras
coletadas durante o cultivo do fungo em condi¢des de frutificacdo e que produziu
basidiomatas viaveis. Clones dessa biblioteca foram seqiienciados aleatoriamente e as
sequéncias foram analisadas por programas que possibilitaram a comparagdo com outras
sequéncias de bancos de dados disponiveis. O objetivo principal foi identificar genes
expressos na fase de frutificagdo. Para complementar, foi feita novamente uma andlise de
expressdo dos 192 unigenes, semelhantes a ja descrita, porém com o acréscimo de trés
amostras duas obtidas nas fases de micélio rosa e apds o estresse € uma de basidiomatas para
identificar candidatos mais ou menos expressos nessas fases de desenvolvimento do micélio
que antecede os basidiomatas, comparando-os com suas expressdes em basidiomatas
maduros. A analise dessa biblioteca possibilitou a identificacdo de 1.533 genes expressos em
M. perniciosa nessas condi¢des. As comparacdes ‘in silico’ mostraram que 1.209 desses sdo
diferentes dos obtidos em outro banco de ESTs desse fungo, cultivado em outras condicdes.
Também mostram 289 similares a L. bicolor e ndo a U. maydis. A analise de abundancia de

transcritos revelou pelo menos seis perfis de expressdo entre os 192 genes analisados. Um
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grupo de 25 genes apresentou um pico unico na fase de primdrdios, destacando-se entre eles
os genes que codificam para intersectina, aegerolisina, pleurotolisina B, RNG2 ativada por
Ras e um AMPK.

No ultimo trabalho foi mostrado um esfor¢o nacional de um grupo de pesquisadores
para sequenciar o genoma desse patdgeno. O principal objetivo foi obter informagdes que
auxiliassem na diminuicdo da doeng¢a Vassoura-de-bruxa que ele causa em Theobroma
cacao. Esse trabalho resultou, de fato, em uma série de conclusdes possiveis sobre a doenga
e a atuagdo desse fungo. Foram preditos 14.077 genes modelos a partir dos quais foram
identificadas varias rotas metabdlicas provaveis. Foi observado que esse fungo codifica para
diversas citocromo p450 mono-oxygenases, diversas carboxilesterase, varias deuterolisinas,
algumas taumatinas e aegerolisinas. Também foi discutida a presenca de genes relacionados
a biossintese de fito-hormonios, de manutencdo da variabilidade genética (genes de
cruzamento sexual e de elementos de transposi¢@o), de mecanismos gerais de detoxificagdo e
resisténcia, de patogenicidade e de genes relacionados a colonizagdo e frutificagdo. A
identificacdo desses genes permitiu a elaboragdo de um modelo para explicar a doenga que
decorre de sua presenca em cacaueiros. O impacto deste trabalho foi bastante alto,
principalmente porque foi o primeiro patdgeno homobasidiomiceto hemibriotrofico a ser
sequenciado. Além disso, as sequéncias geradas e os genes identificados foram
disponibilizados no banco de dados internacional, o NCBI, o que contribui para a producdo
de novos trabalhos cientificos sobre o patogeno e sua interagdo com a planta.

Esses trabalhos foram correlacionados. Os ESTs produzidos foram utilizados para a
identificacdo de genes do genoma de M. perniciosa e para correlacionar as alteracdes
morfoldgicas as mudangas de expressdo de alguns candidatos selecionados por indicagdes de

sua participagdo na frutificagdo em outros basidiomicetos. Também sdo complementares. As
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informagdes sobre a morfogénese dos basidiomatas complementam o conhecimento
existente sobre o ciclo de vida do fungo e servem para explicar a existéncia de alguns genes
previstos em seu genoma. As informagdes sobre genes expressos na fase de frutificagdo do
fungo e em momentos especificos dessa fase auxiliam na compreensdo do funcionamento do
fungo e das vias metabolicas que foram identificadas como resultado do projeto genoma.
Este ¢ um trabalho que tem carater pioneiro e serve para abrir caminho para novas
pesquisas relacionadas a esse patdégeno, a outros fungos e a outros sistemas bioldgicos. Os

genes identificados aqui serdo de grande utilidade para a comunidade cientifica.
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Tabela 1 — Resultado da anotacéo da biblioteca e classificagdo por fungdes.

EST

Provavel Funcéao

Classes de Fungées

CP03-EB-001-004-A02-UE.F
Contig607
CP03-EB-001-016-G01-UE.F
CP02-EB-001-003-A01-FS.F
Contig610

Contig458

Contig459
CP03-EB-001-020-F05-UE.F
CP02-EB-001-002-B09-FS.F
CP03-EB-001-005-A03-UE.F
CP03-EB-001-015-G01-UE.F
CP03-EB-001-025-D09-UE.F
CP03-EB-001-001-D07-UE.F
CP03-EB-001-005-C06-UE.F
CP03-EB-001-025-F05-UE.F
CP03-EB-001-004-H09-UE.F
CP03-EB-001-007-F09-UE.F
Contig647

Contig621
CP03-EB-001-021-C09-UE.G
CP03-EB-001-022-F12-UE.F
CP03-EB-001-010-E02-UE.F
CP02-EB-001-002-F02-FS.F
Contig405

Contig643
CP03-EB-001-001-B10-UE.F
CP03-EB-001-026-G03-UE.F
CP02-EB-001-004-H04-FS.G
Contig460

Contig636

Contig591

Contig595
CP03-EB-001-026-H02-UE.F
CP02-EB-001-006-B03-UE.F
Contig618

Contig402

Contig423
CP03-EB-001-019-D06-UE.F
Contig442
CP03-EB-001-012-C12-UE.F
CP03-EB-001-024-D11-UE.F
CP03-EB-001-010-A06-UE.F
Contig320
CP03-EB-001-014-G05-UE.F
CP03-EB-001-004-A03-UE.F
CP03-EB-001-024-H06-UE.F
CP03-EB-001-001-B02-UE.F
CP03-EB-001-014-C08-UE.F
CP03-EB-001-024-C10-UE.F
CP03-EB-001-012-E07-UE.F
CP02-EB-001-003-A08-FS.F
CP03-EB-001-023-B02-UE.F
CP03-EB-001-010-C03-UE.F
Contig415
CP03-EB-001-015-B12-UE.F
CP03-EB-001-025-B04-UE.F
CP03-EB-001-016-D05-UE.F
Contig204

Contig218

Contig422

Contig434

Contig439

Contig581

Contig648
CP03-EB-001-007-C05-UE.F
CP03-EB-001-013-F04-UE.F
Contig630

Contig637

Contig646
CP03-EB-001-016-F01-UE.F
Contig155

Contig180

12 kDa choque térmico
18.2 kDa proteina de choque térmico classe |
28 kDa fosfoproteina estavel em acido e calor

Transportador ABC/proteina associada a resisténcia a muitidrogas

Aegerolisina

Aegerolisina Aa-Pri1

Aegerolisina Aa-Pri1

Quitooligossacarideo desacetilase
Citocromo P450

Citocromo P450

Citocromo P450

Citocromo P450 hidroxilase/ B-caroteno oxigenase
citocromo P450 monooxigenase pc-3
Epoxido hidrolase

Proteina de superficie ancorada a glicolipidios
Proteina de choque térmico

Proteina de choque térmico

Heat shock factor-binding protein

Proteina de choque térmico 16

Proteina de choque térmico 90

Proteina de choque térmico 90

Hsp90 co-chaperone Cdc37

Glicoproteina rica em hidroxiprolina

MBF 1 (Multiprotein-bridging factor 1)
MBF 1 (Multiprotein-bridging factor 1)
NADPH--citocromo P450 redutase
NADPH--citocromo P450 redutase
Proteina relatada a patogenicidade
Pleurotolisin B

Chaperone HSP31

Proteina RIC1

Citocrome P450

Px19-ike

Septina

Pequena proteina de choque térmico
Pequena proteina de choque térmico
Pequena proteina de choque térmico
Antigeno 1 associada ao esperma
Proteina de controle do ciclo celular cwf16
Proteina do ciclo celular homdloga a 123
Centrina-3

Intersectina

Fissao mitocondrial 1

Proteina de replicagdo do DNA mitocondrial YHM2
Componente de checagem do fuso mitético MAD2
Componente de checagem do fuso mitético MAD3
Pim1

Pim1

Proteina dif-1

Proteina 1 supressora de cinetocoro
Extensina precursor

Extensina precursor

Extensina precursor (cell wall hydroxyproline-rich glycoprotein)
Hidrofobina SC3

Hidrofobina SC3

Hidrofobina SC3

Hidrofobina SC3

Hidrofobina

Hidrofobina

Hidrofobina

Hidrofobina

Hidrofobina

Hidrofobina

Hidrofobina

Hidrofobina

Hidrofobina

Hidrofobina

Hidrofobina

Hidrofobina SC3

Hidrofobina-2 [Precursor]

Hidrofobina-3

hidrofobina

estimulo abidtico e desenvolvimento
estimulo abidtico e desenwolvimento
estimulo abidtico e desenvolvimento
estimulo abiético e desenwlvimento
estimulo abiético e desenwolvimento
estimulo abidtico e desenvolvimento
estimulo abidtico e desenvolvimento
estimulo abidtico e desenwolvimento
estimulo abiético e desenwolvimento
estimulo abiético e desenwlvimento
estimulo abidtico e desenvolvimento
estimulo abidtico e desenwolvimento
estimulo abidtico e desenwolvimento
estimulo abiético e desenwlvimento
estimulo abiético e desenwlvimento
estimulo abiético e desenwvolvimento
estimulo abiético e desenwolvimento
estimulo abidtico e desenvolvimento
estimulo abidtico e desenvolvimento
estimulo abidtico e desenvolvimento
estimulo abiético e desenwlvimento
estimulo abidtico e desenwolvimento
estimulo abiético e desenwlvimento
estimulo abidtico e desenwlvimento
estimulo abidtico e desenwlvimento
estimulo abidtico e desenwolvimento
estimulo abidtico e desenwhimento
estimulo abidtico e desenwhvimento
estimulo abidtico e desenwolvimento
estimulo abidtico e desenwolvimento
estimulo abidtico e desenvolvimento
estimulo abiético e desenwlvimento
estimulo abidtico e desenvolvimento
estimulo abidtico e desenvolvimento
estimulo abidtico e desenvolvimento
estimulo abidtico e desenvolvimento
estimulo abiético e desenwlvimento
estimulo abiético e desenwlvimento
divis&o celular

divis&o celular

divis&do celular

divis&o celular

divis&o celular

divis&o celular

divisdo celular

divisdo celular

divis&o celular

divis&o celular

divis&o celular

divis&o celular

metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular




Tabela 1 — Continuagéo
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EST

Provavel Fungao

Classes de Fungoes

CP03-EB-001-013-H09-UE.F
CP03-EB-001-022-E03-UE.F
Contig156

CP03-EB-001-025-D08-UE.F
CP03-EB-001-015-H12-UE.F
Contig158

CP02-EB-001-003-A05-FS.F
CP03-EB-001-016-F10-UE.F
CP03-EB-001-005-G11-UE.F
CP03-EB-001-010-G02-UE.F
CP03-EB-001-020-G03-UE.F
CP03-EB-001-024-F06-UE.F
Contig143

CP03-EB-001-016-A03-UE.F
CP03-EB-001-002-G09-UE.F
Contig473

CP02-EB-001-002-H12-FS.F
Contig624

Contig136

CP03-EB-001-010-E03-UE.F
CP03-EB-001-017-C09-UE.F
CP03-EB-001-001-G08-UE.F
Contig332

Contig476

Contig195

CP03-EB-001-020-B03-UE.F
CP03-EB-001-007-E08-UE.F
Contig469

Contig471

CP03-EB-001-024-B01-UE.F
CP03-EB-001-001-H04-UE.F
CP03-EB-001-007-H04-UE.F
CP03-EB-001-003-F09-UE.F
CP03-EB-001-020-F03-UE.F
CP03-EB-001-010-H06-UE.F
CP03-EB-001-014-D01-UE.F
Contig368

Contig297

CP03-EB-001-019-F04-UE.F
CP03-EB-001-005-G09-UE.F
CP03-EB-001-020-A06-UE.F
Contig374

CP03-EB-001-015-E04-UE.F
CP03-EB-001-005-H04-UE.F
CP03-EB-001-019-H04-UE.F
CP02-EB-001-006-C10-UE.F
Contig437

CP03-EB-001-025-D04-UE.F
Contig426

CP03-EB-001-002-A03-UE.F
CP03-EB-001-015-H07-UE.F
CP03-EB-001-001-F05-UE.F
CP02-EB-001-004-D02-FS.G
CP03-EB-001-024-F08-UE.F
CP03-EB-001-001-B05-UE.F
Contig348

CP03-EB-001-014-C10-UE.F
CP03-EB-001-007-D12-UE.F
CP03-EB-001-001-H03-UE.F
Contig510

CP03-EB-001-007-D11-UE.F
CP03-EB-001-001-H11-UE.F
CP03-EB-001-019-B08-UE.F
CP03-EB-001-010-C11-UE.F
Contig589

CP03-EB-001-021-G11-UE.F
Contig629

CP03-EB-001-002-D04-UE.F
CP03-EB-001-015-B06-UE.F
CP03-EB-001-017-A06-UE.F
CP03-EB-001-002-H09-UE.F
CP02-EB-001-006-F05-UE.F

Quitina desacetilase

Extensina [precursor]

DNA helicase

DNA-(sitio apurinico or apirimidinico) liase

Histona acetiltransferase tipe B subunidade catalitica
Histona H4

Histona H4

Hipotetica proteina C25H2.10c no cromossomo I
Helicase MusN da famila RecQ

Proteina relatada a actina complexo 2/3 subunidade 5
Tubulina alfa1

Coactosina

Cofilina

Dineina 8 kDa cadeia leve

Proteina fimbrial

Profilina

TRIO e proteina que se liga a F-actina

Proteina 48 responsiva a danos no DNA

DnaJ

Proteina de reconhecimento mau pareamentos e DNA cruciforme
NUDIX fosfohidrolase

Peptidil prolil cis-trans isomerase/ Cyclophilin
Peptidil prolil cis-trans isomerase/ Cyclophilin
Peptidil prolil cis-trans isomerase/ Cyclophilin
Peroxiredoxina

Peroxiredoxina

RuvB-like helicase 1

Snodprot

Superoxido dismutase

Endonuclease de danos por UV

C6 fator de transcricéo

CCR4-NOT complexo de transcrigdo subunidade 6
DNA-directed RNA polymerase | polipeptideo 2

RNA polymerase Il subunidade 9

RNA polymerase lll polipeptideo de 34 kDa

F-box/ proteina 7 de repeticdes WD

Fator de ligagéo ao GATA

Proteina do grupo de alta mobilidade

Proteina Homeodominio

Proteina KTI12

Sequencia 1 amplificada de células T malignas
Mitoferrina-1

Mitoferrina-1

Proteina de ligagédo ao mRNA binding

Histona H4

Proteina 1 contendo 'dedos de zinco ' tipo NFX1
Proteiina de ligagédo a sequéncia de localizagdo nuclear
Nucleobindin-2 precursor

Oligoribonuclease

Proteina La

Proteina de helice anfipatica pareada Sin3a

Proteina 1 de ligagéo a poliadenilato

Fator 18 de remog&o de introns

RNA helicase dependente de ATP - fator de remocé&o de introns
Proteina SOF1

Proteina TAR

Ribonuclease Il

Ribonuclease Le2

Fator 1 de remoc&o de introns

Fator de transcrigdo BTF3

Fator Il de iniciagdo da transcrigéo - cadeia gama
Fator de iniciagdo da transcri¢do TFIID subunidade 10
Regulador transcricional PRZ1

Pequena ribonucleoproteina U3 IMP3

Proteina tipo Sm associada ao snRNA U6 - LSm7
Proteina tipo Sm associada ao snRNA U6 - LSm7
Proteina tipo Sm associada ao snRNA U6 - LSm8
Proteina de transformac&o viral Jun

Proteina POP3 com repeti¢cées WD

Proteina 38 contendo dominios BTB e 'dedos de zinco'
Proteina 13 contendo dominio 'dedos de zinco' CCCH
Proteina 'dedos de zinco'

metabolismo e estrutura da parede celular
metabolismo e estrutura da parede celular
cromatina e metabolismo do DNA
cromatina e metabolismo do DNA
cromatina e metabolismo do DNA
cromatina e metabolismo do DNA
cromatina e metabolismo do DNA
cromatina e metabolismo do DNA
cromatina e metabolismo do DNA
citoesqueleto

citoesqueleto

citoesqueleto

citoesqueleto

citoesqueleto

citoesqueleto

citoesqueleto

citoesqueleto

defensa e recuperagéo celular

defensa e recuperacéo celular

defensa e recuperacéo celular

defensa e recuperagéo celular

defensa e recuperagéo celular

defensa e recuperacéo celular

defensa e recuperacéo celular

defensa e recuperacéo celular

defensa e recuperagéo celular

defensa e recuperagéo celular

defensa e recuperacéo celular

defensa e recuperacéo celular

defensa e recuperacéo celular

expresséo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressao genica e metabolismo de RNA
expressédo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressao genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressédo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
express&do genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressao genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expresséo genica e metabolismo de RNA
expressao genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressao genica e metabolismo de RNA
expressé&o genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressdo genica e metabolismo de RNA
expressédo genica e metabolismo de RNA
expressao genica e metabolismo de RNA
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CP03-EB-001-010-F07-UE.F
CP03-EB-001-017-G01-UE.F
CP03-EB-001-015-E03-UE.F
CP03-EB-001-005-H06-UE.F
Contig444

Contig187

Contig202

Contig324

Contig522

CP03-EB-001-015-F08-UE.F
CP03-EB-001-010-B11-UE.F
CP03-EB-001-001-H06-UE.F
CP03-EB-001-017-E02-UE.F
CP03-EB-001-003-D02-UE.F
CP03-EB-001-015-G10-UE.F
CPO03-EB-001-019-D04-UE.F
Contig600

CP03-EB-001-016-C12-UE.F
CP03-EB-001-004-A11-UE.F
CP03-EB-001-025-A06-UE.F
CP03-EB-001-025-D10-UE.F
CP03-EB-001-025-H04-UE.F
CP03-EB-001-001-E08-UE.F
CP03-EB-001-024-C02-UE.F
Contig461

Contig584

CP03-EB-001-003-A06-UE.F
CP03-EB-001-020-B02-UE.F
Contig578

Contig611

CP03-EB-001-020-B11-UE.F
Contig451

CP03-EB-001-016-A08-UE.F
CP03-EB-001-014-F11-UE.F
CP03-EB-001-012-E02-UE.F
CP02-EB-001-003-HO3-FS.F
CP03-EB-001-024-A08-UE.F
CP03-EB-001-022-D09-UE.F
Contig151

CP03-EB-001-009-E09-UE.F
CP03-EB-001-009-A05-UE.F
Contig644

CP03-EB-001-007-C09-UE.F
Contig428

CP03-EB-001-001-D02-UE.F
Contig620

CP03-EB-001-026-F02-UE.F
Contig420

CP03-EB-001-007-G08-UE.F
CP03-EB-001-008-E02-UE.F
Contig258

Contig599

CP03-EB-001-005-D09-UE.F
CP03-EB-001-018-E07-UE.F
CP03-EB-001-018-G06-UE.F
CP03-EB-001-025-D11-UE.F
CP03-EB-001-025-G06-UE.F
CP02-EB-001-006-G09-UE.F
CP03-EB-001-012-D03-UE.F
CP03-EB-001-015-D10-UE.F
CP03-EB-001-007-B05-UE.F
CP03-EB-001-024-E03-UE.F
CP03-EB-001-026-D07-UE.F
CP03-EB-001-001-G10-UE.F
CP03-EB-001-001-A06-UE.F
CP02-EB-001-004-D03-FS.G
CP03-EB-001-001-B01-UE.F
CP03-EB-001-004-H04-UE.F
Contig455

CP03-EB-001-014-B11-UE.F
CP03-EB-001-020-E03-UE.F
CP03-EB-001-016-H11-UE.F

Acil-CoA desaturase

ATP sintase cadeia D, mitocondrial

ATP sintase subunit beta

ATPase transportadora de célcio

Cloreto peroxidase

Citocromo b-245 cadeia pesada
Citocromo b5

Citocrome c oxidase polypeptide IV
Citocrome ¢ oxidase polypeptide Vib
Citocrome c oxidase polypeptide VII A
Citocromo c peroxidase

Diidrolipoil desidrogenase, precursor mitocondrial
Monooxygenase contendo Flavina

Indutor do transporte de gluconato
Transportador de glicose

ATPase duplo setor de transporte de H(+)

ATPase duplo setor de transporte de H(+), subunidade 5

Sintase de ATP transportador de hidrogénio
Transportador de fosfato inorganico

Transporte de ions/transporte de fosfato/co-transporte de Sodium-decarboxilato
Isovaleril-CoA desidrogenase, precursor mitocondrial

|-fucose permease

Translocase mitocondrial membrana interna - subunit tim23
Translocase mitocondrial membrana interna - subunit tim17
Translocase mitocondrial membrana interna - subunit tim9
Translocase mitocondrial membrana interna - subunit tim9

O-metilsterigmatocistina oxidoredutase

O-metilsterigmatocistina oxidoredutase (Citocromo P450 64)

Cytocrome C oxidase

Peptideo transportador PTR2A

Carreador de fosfato

Proteolipidio 3 de membrana plasmatica
Transportador YERO36C dependente de ATP
monooxigenase inespecifica

UPFO0057 proteina de membrane ZK632.10
Uracil permease

Uracil permease

Avril-alcool desidrogenase [NADP+]
2-metilcitrate dehidratase

2-nitropropane dioxigenase

3-cetoacil-CoA tiolase, peroxissomal [Precursor]
3-cetoacil-CoA tiolase, peroxissomal [Precursor]
3-cetoacil-CoA tiolase, peroxissomal [Precursor]
3-ketoreductase
3-oxoacyl-[acyl-carrier-protein] redutase
3-oxoacyl-{acyl-carrier-protein] redutase 2
Acetil-CoA C-aciltransferase
Acil-CoA-binding protein

Acil-protein tioesterase 1

Adenine fosforibosiltransferase 1

Alcool desidrogenase

Alcool desidrogenase

Alcool desidrogenase

Alcool desidrogenase

Alcool desidrogenase

Alcool desidrogenase

Alcool desidrogenase

Alcool desidrogenase

Alcool desidrogenase

Aldo/ceto redutase

Aldo-ceto redutase

Alpha/beta hidrolase superfamily protein
Alpha-1,2-mannosiltransferase

Amino-acid N-acetiltransferase
Aminopeptidase

Antranilato sntase componente 2
Aril-alcool desidrogenase

Avril-alcool oxidase

Aspartato aminotransferase

Aspartato quinase

Proteina de ligagcdo Beta-1,3-glucano
Beta-glucosidase

Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
Transporte de membrana
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
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Contig384
CP03-EB-001-013-F05-UE.F
CP03-EB-001-019-C04-UE.F
Contig163

Contig6é7
CP03-EB-001-017-B04-UE.F
Contig628
CP03-EB-001-003-C06-UE.F
CP03-EB-001-016-F05-UE.F
CP03-EB-001-025-A01-UE.F
Contig191
CP03-EB-001-002-E08-UE.F
Contig633

Contig594
CP03-EB-001-016-G06-UE.F
CP03-EB-001-004-D10-UE.F
CP03-EB-001-001-E07-UE.F
CP03-EB-001-004-G07-UE.F
CP03-EB-001-014-G04-UE.F
CP03-EB-001-004-F02-UE.F
Contig225
CP02-EB-001-002-A09-FS.F
CP03-EB-001-016-D02-UE.F
CP02-EB-001-003-A07-FS.F
CP03-EB-001-008-G12-UE.F
Contig482
CP03-EB-001-017-D07-UE.F
CP02-EB-001-004-D01-FS.G
CP03-EB-001-005-E06-UE.F
Contig229
CP03-EB-001-013-G07-UE.F
CP02-EB-001-002-A12-FS.F
CP03-EB-001-026-E05-UE.F
CP03-EB-001-010-G06-UE.F
CP03-EB-001-016-D11-UE.F
CP03-EB-001-024-E06-UE.F
CP03-EB-001-012-D07-UE.F
CP03-EB-001-004-D04-UE.F
CP03-EB-001-015-E02-UE.F
CP03-EB-001-003-B11-UE.F
Contig23
CP03-EB-001-008-G02-UE.F
CP03-EB-001-021-B05-UE.G
CP03-EB-001-021-B05-UE.F
CP03-EB-001-014-G11-UE.F
CP03-EB-001-015-C07-UE.F
Contig583
CP03-EB-001-021-E12-UE.F
Contig604
CP03-EB-001-009-D05-UE.F
CP03-EB-001-012-E06-UE.F
CP03-EB-001-012-C11-UE.F
Contig58
CP03-EB-001-017-H08-UE.F
CP02-EB-001-006-D07-UE.F
CP03-EB-001-014-C02-UE.F
Contig445
CP03-EB-001-013-C12-UE.F
CP03-EB-001-010-C05-UE.F
CP03-EB-001-024-B12-UE.F
CP03-EB-001-025-G10-UE.F
CP03-EB-001-002-B04-UE.F
CP03-EB-001-019-E01-UE.F
CP03-EB-001-014-F08-UE.F
CP02-EB-001-001-G10-FS.F
CP02-EB-001-006-F06-UE.F
Contig478
CP03-EB-001-014-D05-UE.F
CP03-EB-001-004-C07-UE.F
CP03-EB-001-014-E07-UE.F
CP03-EB-001-018-H04-UE.F
CP03-EB-001-017-H04-UE.F

Beta-manosidase

Carbamoil-fosphate sintase (hidrolizadora de glutamina)
Carbamoil-fosphate sintase arginina especifica cadeia maior
Carboxil esterase

Coline desidrogenase

Ciclopentanona 1,2-mono-oxigenase

Cistationina beta-liase

Proteina 1 rica em sisteina

Citidina desaminase

Delta 9- desaturase de &cidos graxos

Delta(12)- desidrogenase de acidos graxos
Desidratase do acido delta-aminolewlinico
Glicosiltransferase de Dolicil-difosfo-oligosacaridio subunidade DAD1
DSBA oxidoredutase

Fosfatase duplo especifico

Endoglucanase Il

Enoil-CoA hidratase

Enoil-CoA hidratase

Oxygenase de acidos graxos

Sintase de 4cidos graxos subunidade alfa

Formato desidrogenase

Fumarato redutase (NADH)

Glucose-6-fosfato 1-epimerase (hexose-6-fosfate mutarotase)
Glutamate decarboxilase/ GABA sintase

Glutamato sintase (NADH)

Glutamina sintetase

Glutaredoxina

Glutathiona S-transferase

Glutathiona-disulfito redutase
Gliceraldeido-3-phosphate desidrogenase
Gliceraldeide-3-fosfate desidrogenase

Glicosidase CRH2 precursor
Imidazoleglycerol-fosfate desidratase
Isopentenil-difosfate Delta-isomerase
Redutoisomerase do acido cetol/ isomeroredutase do acetohidroxido
L-lactato desidrogenase (FMN-dependent)
Lisofosfolipase/ alfa beta hidrolase

Lisil-tRNA sintetase

Malato desidrogenase

Manan endo-1,4-beta-manosidase

Metaloproteinase

Metionina aminopeptidase

Metilcrotonoil-CoA carboxilase, cadeia beta
Metilcrotonoil-CoA carboxilase, cadeia beta
Protease de membrana mitocondrial interna subunidade 1
Peroxiredoxina mitocondrial 1

Proteina de biossintese do cofator molibidénio 1 A
Proteina de biossintese do cofator molibidénio 1 A
Mio-inositol oxigenase

Mio-inositol oxigenase

Mio-inositol oxigenase

NAD quinase 2

Formato desidrogenase dependente de NAD

NADH Citocrome b5 redutase

NADH desidrogenase

NADH desidrogenase [ubiquinona] 1 subcomplexo alfa subunidade 13
NADH-quinona oxidoredutase

NADH-ubiquinona oxidoredutase subunidade 21 kDa
NADH-ubiquinona oxidoredutase subunidade 21 kDa
NADPH desidrogenase

NADPH desidrogenase 1

NADPH desidrogenase 2

NADPH oxidase

Nucleoside diphosphate quinase B
Oligo-1,6-glucosidase

Ornitine aminotransferase

Oxidoredutase, 2-nitropropano dioxigenase
Oxidoredutase, 2-nitropropano dioxigenase
Pentafuntional AROM polipeptideo

Tryptofano peri6dico proteina 1
fosfo-2-desidro-3-deoxiheptonato aldolase
Phosphoenolpiruvato carboxiquinase [ATP]

metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo priméario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo priméario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
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CP02-EB-001-006-A04-UE.F
CP03-EB-001-026-D03-UE.F
CP02-EB-001-003-D04-FS.F
CP03-EB-001-026-B01-UE.F
CP03-EB-001-026-B04-UE.F
CP03-EB-001-015-F04-UE.F
CP03-EB-001-021-D02-UE.G
CP03-EB-001-009-C01-UE.F
CP03-EB-001-018-C04-UE.F
CP02-EB-001-002-E10-FS.F
CP03-EB-001-024-E04-UE.F
CP03-EB-001-012-C03-UE.F
CP03-EB-001-018-C05-UE.F
CP03-EB-001-003-A10-UE.F
CP03-EB-001-005-F03-UE.F
Contig301
CP03-EB-001-007-D05-UE.F
CP03-EB-001-014-D06-UE.F
CP03-EB-001-025-A09-UE.F
CP03-EB-001-018-B06-UE.F
CP03-EB-001-004-F06-UE.F
CP03-EB-001-021-E09-UE.G
CP03-EB-001-020-A05-UE.F
CP03-EB-001-014-G10-UE.F
CP03-EB-001-013-E06-UE.F
CP03-EB-001-020-E05-UE.F
Contig625
CP03-EB-001-004-B03-UE.F
CP03-EB-001-017-A08-UE.F
CP03-EB-001-013-F 10-UE.F
Contig414
CP03-EB-001-017-C07-UE.F
CP03-EB-001-014-G02-UE.F
CP03-EB-001-018-H02-UE.F
CP03-EB-001-025-G01-UE.F
CP03-EB-001-026-G04-UE.F
CP03-EB-001-004-F04-UE.F
CP03-EB-001-013-E11-UE.F
Contig593

Contig496

Contig369
CP03-EB-001-024-G10-UE.F
CP03-EB-001-026-D02-UE.F
Contig446

Contig632
CP03-EB-001-026-G02-UE.F
Contig465

Contig601

Contig206

Contig502
CP03-EB-001-017-G11-UE.F
CP03-EB-001-015-C03-UE.F
CP03-EB-001-021-G04-UE.G
Contig272

Contig356

Contig443

Contig645

Contig65

Contig484
CP03-EB-001-002-G03-UE.F
CP03-EB-001-025-H03-UE.F
CP03-EB-001-020-D03-UE.F
Contig477
CP03-EB-001-021-D08-UE.G
CP03-EB-001-004-F 12-UE.F
Contig454
CP03-EB-001-013-D08-UE.F
CP03-EB-001-015-D07-UE.F
Contig614
CP03-EB-001-012-G06-UE.F
Contig179

Contig617

Fosfoquetolase

Fosfoproteina fosfatase

Fosfopiruvato hidratase

Anthranilate sintase componente 1
Oxidoreductase

Sintase ATP vacuolar ATP subunidade G
Prolil aminopeptidase

Fosfatase Slingshot

Trosina-fosfatase

Proteoglicano-4 precursor
Desidrogenase D-3-phosphoglicerato
Dehydrogenase

Piroglutamil-peptidase 1

Piruvato desidrogenase

Riboflavina quinase

Ribophorina Il

Serine carboxipeptidase

Serine carboxipeptidase

Inibidor 1A-1 da serine proteinase

Sulfito oxidase

Tiamine pirofosfato

Tiamina transportador

Tioeterase

Tioredoxina

Tioredoxina 4A

Complexo THO subunidade 4
Transaldolase

Transaldolase

Transaldolase

Trealose-fosfatase/ trealose fosfate sintase
Glutamine amidotransferase (GATase1)
Tirosinase

Descarboxilase 1 do &cido glucuronico UDP
Proteina acesséria urease UreD

Sintase ATP vacuolar proteolipidio de 16 kDa

Sinatse ATP vacuolar ATP subunidade A, isoforma osteoclastica

Sintase ATP vacuolar ATP subunidade C
Ycac/ Isocorismatase hidrolase
Alcool desidrogenase tipo Zinco

26S proteasomo ndo-ATPase subunidade regulatoria

Subunidade maior RNA ribossomal 28S
40S ribossomal proteina SO

40S ribossomal proteina SO

408 ribossomal proteina S10

408 ribossomal proteina S11

40S ribossomal proteina S11

408 ribossomal proteina S12

40S ribossomal proteina S12

408 ribossomal proteina S13

40S ribossomal proteina S15

408S ribossomal proteina S19a
40S ribossomal proteina S2

40S ribossomal proteina S20

408 ribossomal proteina S23

40S ribossomal proteina S24

40S ribossomal proteina S26

40S ribossomal proteina S28

408 ribossomal proteina S29

40S ribossomal proteina S3

408 ribossomal proteina S5

40S ribossomal proteina S5

408 ribossomal proteina S9-B
60S proteina acida ribossomal PO
60S proteina acida ribossomal PO
60S proteina acida ribossomal P1
60S proteina acida ribossomal P2
60S proteina ribossomal L10

60S proteina ribossomal L13

60S proteina ribossomal L16

60S proteina ribossomal L17-B
60S proteina ribossomal L18

60S proteina ribossomal L19-3

metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primério
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
metabolismo primario
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
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Contig336
CP03-EB-001-016-E05-UE.F
CP03-EB-001-013-C05-UE.F
CP03-EB-001-017-G02-UE.F
CP03-EB-001-001-C07-UE.F
Contig198

Contig475
CP03-EB-001-018-D05-UE.F
CP03-EB-001-015-E10-UE.F
CP03-EB-001-022-H02-UE.F
Contig254
CP03-EB-001-025-E02-UE.F
CP03-EB-001-026-A10-UE.F
Contig421

Contig627

Contig404

Contig441

Contig597
CP03-EB-001-002-C03-UE.F
CP03-EB-001-014-D10-UE.F
Contig411
CP03-EB-001-001-A07-UE.F
CP03-EB-001-024-D12-UE.F
Contig495

Contig457
CP03-EB-001-007-H09-UE.F
CP03-EB-001-013-B09-UE.F
CP03-EB-001-019-G07-UE.F
CP03-EB-001-005-F04-UE.F
CP03-EB-001-009-F 11-UE.F
CP03-EB-001-020-E08-UE.F
CP03-EB-001-012-D05-UE.F
CP03-EB-001-003-D11-UE.F
CP03-EB-001-003-B03-UE.F
CP03-EB-001-005-F09-UE.F
CP03-EB-001-017-G10-UE.F
Contig468

Contig605

Contig612
CP03-EB-001-010-C04-UE.F
CP03-EB-001-002-F08-UE.F
CP03-EB-001-014-E08-UE.F
CP03-EB-001-024-D10-UE.F
CP03-EB-001-009-H06-UE.F
CP03-EB-001-024-G12-UE.F
CPO03-EB-001-017-F04-UE.F
CP03-EB-001-026-C09-UE.F
CP03-EB-001-007-E12-UE.F
CP03-EB-001-016-F09-UE.F
CP03-EB-001-014-E10-UE.F
CP03-EB-001-010-G10-UE.F
CP03-EB-001-012-D04-UE.F
CP03-EB-001-008-A05-UE.F
CP03-EB-001-015-E11-UE.F
Contig85
CP03-EB-001-015-B05-UE.F
Contig215

Contig93
CP03-EB-001-020-H08-UE.F
CP03-EB-001-025-D01-UE.F
CP03-EB-001-009-H12-UE.F
CP03-EB-001-019-G11-UE.F
CP02-EB-001-006-E12-UE.F
CP03-EB-001-013-C01-UE.F
CP03-EB-001-019-B01-UE.F
CP03-EB-001-015-HO01-UE.F
Contig535
CP03-EB-001-016-H08-UE.F
Contig270

Contig565
CP02-EB-001-006-B04-UE.F
Contig603

60S ribossomal proteina 11-a

60S ribossomal proteina L1-B

60S ribossomal proteina L2

60S ribossomal proteina L2

60S ribossomal proteina L24, mitochondrial precursor
60S ribossomal proteina L26-1

60S ribossomal proteina L28

60S ribossomal proteina L28

60S ribossomal proteina L3

60S ribossomal proteina L3

60S ribossomal proteina L30

60S ribossomal proteina L31

60S ribossomal proteina L31

60S ribossomal proteina L32

60S ribossomal proteina L32

60S ribossomal proteina L36

60S ribossomal proteina L37

60S ribossomal proteina L37a

60S ribossomal proteina L39

60S ribossomal proteina L39

60S ribossomal proteina L43

60S ribossomal proteina L5-b

60S ribossomal proteina L6

60S ribossomal proteina L9
Asparaginil-tRNA sintetase

Aspartico proteinase

Aspartil protease

RNA helicase dependenete de ATP dbp10
RNA helicase dependenete de ATP elF4A
RNA helicase dependenete de ATP elF4A
RNA helicase dependenete de ATP HAS1
Chaperone BCS1

Chaperone dnaJ

E2 ubiquitina-conjugada

Fator de alongamento 1-beta

Fator de alongamento 1-beta

Fator de alongamento 3

Fator de alongamento 3

Fator de alongamento 3

Fator de alongamento 3

Fator de iniciagdo da traducéo eucaridtica 1A
Fator de iniciagdo da traducgéo eucaridtica 3
Fator de iniciagdo da tradugéo eucariética 3 subunidade 8
Fator de iniciagdo da tradugéo eucaridtica 5
Fator de iniciagdo da tradugéo eucariética 5
Metalloproteinase elastinolitica extracelular
Metalloproteinase elastinolitica extracelular
Proteina 1 de ligagéo a FK506

Proteina 1 de ligagéo a FK506

Proteina 1 de ligagdo a FK506

Proteina do sistema H de clivagem de glicina
Proteina 2 rica em glicina que se liga a RNA
subunidade maior RNA ribossomal 28 S
39-S proteina ribossomal L47

Subunidade maior RNA ribossomal mitocondrial
Peptidade processamento mitocondrial subunidade beta
Polyubiquitina

Polyubiquitina

Polyubiquitina

Polyubiquitina

Predobramento subunidade 6

PeptidiltRNA hidrolase 2

Proteassomo subunidade beta tipo 2
Proteassomo subunidade beta tipo 2
Piridoxina biosintese PDX1

Biogénese de ribossomo RLP24

Fator de maturacdo do proteassomo ump1
Fator de tradugéo proteica SUI1

Proteina bifuncional (metalopeptidase e dominio de ligag&o a quitina)
Ribossomal proteina L10

Ribosoomal proteina 22 subunidade pequena
Ribossomal proteina HS6-tipo (S12/L30/L7a)

sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
sintese protéica e processamento
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CP03-EB-001-019-H08-UE.F Ribossomal proteina L1p/L10e
CP03-EB-001-012-B09-UE.F  Ribossomal proteina L2
CPO03-EB-001-016-B02-UE.F Ribossomal proteina L44
CP02-EB-001-001-F02-FS.F  Ribossomal proteina L7a
CP03-EB-001-020-C09-UE.F Ribossomal proteina S9
CP03-EB-001-009-C10-UE.F Ribossomo biogénese proteina RLP24
CPO03-EB-001-016-E02-UE.F Ribossomo biogénese proteina regulatoria
CP02-EB-001-006-A12-UE.F  RNA polymerase Il
CP03-EB-001-002-E05-UE.F  Proteina contendo dominio de reconhecimento de RNA
CP03-EB-001-025-H10-UE.F  Proteina de ligagédo ao RNA
CP03-EB-001-019-A08-UE.F Proteina 8A de ligagdo ao RNA

Contig631 rRNA

CP03-EB-001-001-F07-UE.F Biossintese de Siroheme

Contig566 RNA da pequena subunidade ribossomal
Contig111 RNA da pequena subunidade ribossomal

CP03-EB-001-007-B07-UE.F RNA da pequena subunidade ribossomal mitocondrial
CPO03-EB-001-019-H09-UE.F Fator de iniciagdo da transcrigdo elF-2B subunidade alfa
Contig208 Fator de tradugéo proteica SUI1
CP03-EB-001-019-F03-UE.F tRNA nucleotidiltransferase
CP03-EB-001-007-C11-UE.F  Triptofanil-tRNA sintetase

CPO03-EB-001-013-F09-UE.F  Ubiquinol-citocrome c redutase subunidade ferro-enxofre
Contig240 Ubiquinona biosintese COQ4
CP03-EB-001-018-F01-UE.F  Ubiquitina

CPO03-EB-001-010-F11-UE.F  Ubiquitina carboxil-terminal hidrolase
CP03-EB-001-021-E05-UE.G Ubiquitina enzima de conjuga¢do

Contig448 Ubiquitina/RPS27a
Contig563 Ubiquitina-enzima de conjugagéo E2
Contig252 Ubiquitina-enzima de conjugacéo E3

CPO03-EB-001-016-E10-UE.F  Zuotina

CP03-EB-001-010-B07-UE.F  12-oxofitodienoato redutase
CP03-EB-001-017-B03-UE.F 4-coumarato-CoA ligase 1
CP03-EB-001-007-G02-UE.F Quinase ativada por 5-AMP - subunidade beta-2
CP03-EB-001-015-D06-UE.F Beta eterase

Contig416 Carotenoide ester lipase
CPO03-EB-001-012-F08-UE.F Cephalosporina esterase/ carboxilesterase
Contig453 Ceratoplatanina

CP03-EB-001-020-G02-UE.F D-arabinitol 2-desidrogenase
CP03-EB-001-008-G04-UE.F Endo-1,4-beta-xilanase A
CPO03-EB-001-017-H07-UE.F Endopolifosfatase
CP03-EB-001-002-G11-UE.F  Feruloil esterase B
CP03-EB-001-005-H05-UE.F  GPI transamidase subunidade PIG-U
CPO03-EB-001-009-FO5-UE.F Lanosterol 14-alpha-demetilase
CP03-EB-001-003-E10-UE.F Lewodione redutase

CP03-EB-001-005-F 10-UE.F  Linoleato diol sintase
CP03-EB-001-005-F11-UE.F Linoleato diol sintase
CP03-EB-001-001-E02-UE.F Lipoiltransferase
CP02-EB-001-003-A09-FS.F  Mucina-2

Contig487 Nitrilase

CPO03-EB-001-020-B08-UE.F Proteina peroxomal induzida por Oleato POX18
CP03-EB-001-020-F08-UE.F Proteina de ligagéo a oxisterol

Contig569 palmitoiltransferase
CP03-EB-001-010-D08-UE.F Pectinesterase

CPO03-EB-001-013-D04-UE.F Papalisina-1 precursor
CP03-EB-001-025-D07-UE.F  Estearoil-CoA 9-desaturase
CP03-EB-001-004-B09-UE.F Metabolismo de esterol
CPO03-EB-001-001-F12-UE.F ATPase da familia AAA
CP03-EB-001-025-C05-UE.F  Adenilate ciclase

Contig449 ADP, ATP proteina carreadora
CP03-EB-001-017-E03-UE.F ADP, ATP proteina carreadora
CPO03-EB-001-016-C07-UE.F ADP, ATP proteina carreadora

Contig162 ARF ativador GTPase
CPO03-EB-001-015-F10-UE.F  Proteina de ligagao a calcineurina
CP03-EB-001-009-D02-UE.F Calmodulina

CPO03-EB-001-005-E11-UE.F  Rhb1 proteina de ligacéo a GTP
CP03-EB-001-012-C01-UE.F Proteina de ligagdo a GTP Rheb homolog precursor
CP03-EB-001-017-E05-UE.F Proteina de ligagdo a GTP SAR1
CP03-EB-001-007-B06-UE.F Proteina de ligagédo a GTP ypt1
CP03-EB-001-026-G11-UE.F Proteina de ligagdo a GTP ypt2
CP03-EB-001-014-A05-UE.F  Proteina de ligagdo a GTP subunidade alfa 4
CPO03-EB-001-017-A10-UE.F Proteina de ligagdo a GTP subunidade gama
CPO03-EB-001-025-F02-UE.F Proteina 2 nucleolar de ligagdo a GTP
Contig481 Aceptor 1 Rab prenilatado

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento

sintese protéica e processamento
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundério e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundério e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundério e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundério e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundario e sintese de horménio
metabolismo secundério e sintese de horménio
metabolismo secundario e sintese de horménio
sinal de transducé&o e regulagdo pés-tradugéo
sinal de transdugéo e regulagédo poés-traducéo
sinal de transdugéo e regulagédo pés-tradugéo
sinal de transducéo e regulagdo pos-tradugéo
sinal de transducéo e regulacdo pos-traducéo
sinal de transducé&o e regulagdo pos-tradugéo
sinal de transducé&o e regulacédo pos-traducéo
sinal de transdugéo e regulagdo pos-traducéo
sinal de transdugéo e regulagdo pos-traducéo
sinal de transducé&o e regulacdo pés-traducéo
sinal de transducé&o e regulagdo pés-traducédo
sinal de transdugéo e regulagdo pos-tradugéo
sinal de transdugéo e regulagédo pés-tradugéo
sinal de transducé&o e regulacédo pos-tradugéo
sinal de transducé&o e regulacédo pos-traducédo
sinal de transdugé&o e regulagdo pos-tradugédo
sinal de transducé&o e regulagédo po6s-tradugédo
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CP03-EB-001-003-G03-UE.F
CP03-EB-001-015-E06-UE.F
Contig640
CP02-EB-001-006-G11-UE.F
CP03-EB-001-024-B09-UE.F
CP03-EB-001-020-F11-UE.F
CP03-EB-001-012-H03-UE.F
Contig483
CP03-EB-001-015-E01-UE.F
Contig639
CP03-EB-001-018-F04-UE.F
CP03-EB-001-013-C02-UE.F
CP03-EB-001-015-G07-UE.F
Contig410
Contig472
CP03-EB-001-019-C03-UE.F
CP03-EB-001-024-F03-UE.F
CP03-EB-001-015-F09-UE.F
Contig485
Contig344
CP03-EB-001-017-F07-UE.F
Contig389
CP03-EB-001-020-G05-UE.F
CP03-EB-001-008-H04-UE.F
CP02-EB-001-006-H04-UE.F
CP03-EB-001-024-C03-UE.F
CPO03-EB-001-024-D04-UE.F
CP03-EB-001-020-B04-UE.F
Contig335
CP03-EB-001-003-G05-UE.F
Contig430
Contig466
Contig608
CP03-EB-001-021-F09-UE.G
CP03-EB-001-005-G12-UE.F
CP03-EB-001-026-B06-UE.F
CP03-EB-001-018-G01-UE.F
Contig285
CP03-EB-001-003-C05-UE.F
CP03-EB-001-021-F08-UE.F
Contig479
CP03-EB-001-012-B08-UE.F
CP03-EB-001-017-B08-UE.F
CP03-EB-001-003-A03-UE.F
CP03-EB-001-026-D09-UE.F
CP03-EB-001-005-E12-UE.F
Contig125
Contig144
Contig145
Contig160
Contig161
Contig189
Contig194
Contig227
Contig232
Contig236
Contig243
Contig257
Contig279
Contig284
Contig287
Contig292
Contig323
Contig325
Contig326
Contig330
Contig331
Contig333
Contig349
Contig378
Contig383
Contig387

Proteina quinase gsk3

Proteina quinase wis1

Proteina RhoA

RNG?2 proteina de ativagdo Ras GTPase

Rab-4B proteina relatada a Ras

Rab-7 proteina relatada a Ras

Inibidor da dissociagdo Rho GDP

Rho1 fator 1 de mudanga do nucleotideo guanina
Rho1 fator 1 de mudanga do nucleotideo guanina
Quinase Serine/threonine

Quinase Serine/threonine PRP4

Quinase Serine/threonine - proteina associada
Sinal de reconhecimento 9 kDa

Pequena COPII capa GTPase sart

Sorting nexin-3

Sinal de translocacg&o arginina geminada
1,2-dihidroxi-3-ceto-5-metiltiopenteno dioxigenase 1
1-fosfatidilinositol-3-fosfate 5-cinase

Fator 3 de ribosilagdo ADP 3

Proteina 8 relatada a autofagia

Proteina 8 relatada a autofagia

Proteina de selegéo do sitio de brotagéo em levedura

Coatomero subunidade beta

Coatomero subunidade beta/ COPI proteina superficie vesiculas

Coatomero subunidade zeta
Endocitose proteina end4

ERV14 proteina de vesiculas derivadas do reticulo endoplasmatico

Receptor de benzodiazepina tipo periférico

Proteina de transferéncia fosfatidilglicerol/fosfatidilinositol

ATPase transportadora de phospholipidios
Proteina MSF1

Proteina YOS1

Protein 2 secretada protoplastos
Proteina 1 de retencéo do RE

Proteina da familia SCAMP

Proteina tipo SNF7ESCRT-IIl complexo
Proteina 4 losu Surfeit

Sinaptobrevina (proteina tipo VAMP)
Proteina transportadora

Transportina-1

t-SNARE

Proteina vacuolar de enderegamento protéico
Proteina vacuolar de enderecamento protéico 26
Proteina vacuolar

Proteina 94 contendo dominio ‘Coiled-coil'
Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa consenada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa conservada

Proteina expressa consenada

sinal de transdugéo e regulagéo poés-tradugéo

sinal de transdugao e regulagao pos-tradugao

sinal de transdugao e regulagdo po6s-tradugao

sinal de transducéo e regulagéo pés-traducdo

sinal de transdugé&o e regulagéo pés-tradugdo

sinal de transdugé&o e regulagéo pos-tradugcdo

sinal de transdugé&o e regulagéo pos-traducdo

sinal de transdugéo e regulagéo pds-traducdo

sinal de transdugéo e regulagao pds-tradugdo

sinal de transdugé&o e regulagéo pds-tradugéo

sinal de transdugé&o e regulagéo pos-traducdo

sinal de transdugé&o e regulagéo pés-traducdo

sinal de transdugé&o e regulagéo pés-traducdo

sinal de transdugéo e regulagéo pds-traducdo

sinal de transdugéo e regulagéo pds-traducéo

sinal de transdugéo e regulagéo pds-tradugdo

trafico de vesiculas, secrecdo e enderecamento de proteinas
trafico de vesiculas, secrecdo e enderecamento de proteinas
tréfico de vesiculas, secregdo e enderegcamento de proteinas
trafico de vesiculas, secrecdo e enderecamento de proteinas
trafico de vesiculas, secrecdo e endere¢camento de proteinas
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EST

Provavel Fungao

Contig391

Contig401

Contig403

Contig412

Contig419

Contig431

Contig433

Contig438

Contig447

Contig452

Contig463

Contig486

Contig523

Contig575

Contig623

Contig81
CP02-EB-001-006-B12-UE.F
CP02-EB-001-006-E09-UE.F
CP02-EB-001-006-G12-UE.F
CP02-EB-001-006-H10-UE.F
CP03-EB-001-001-C04-UE.F
CP03-EB-001-001-C05-UE.F
CP03-EB-001-001-D03-UE.F
CP03-EB-001-001-D11-UE.F
CP03-EB-001-002-C05-UE.F
CP03-EB-001-002-C08-UE.F
CP03-EB-001-003-A09-UE.F
CP03-EB-001-003-E05-UE.F
CP03-EB-001-003-F01-UE.F
CP03-EB-001-003-F 11-UE.F
CP03-EB-001-004-B01-UE.F
CP03-EB-001-004-B02-UE.F
CP03-EB-001-004-C09-UE.F
CP03-EB-001-004-D05-UE.F
CP03-EB-001-004-D07-UE.F
CP03-EB-001-004-E03-UE.F
CP03-EB-001-004-G06-UE.F
CP03-EB-001-004-H10-UE.F
CP03-EB-001-005-A04-UE.F
CP03-EB-001-005-A12-UE.F
CP03-EB-001-005-B11-UE.F
CP03-EB-001-005-C01-UE.F
CP03-EB-001-005-E04-UE.F
CP03-EB-001-005-G10-UE.F
CP03-EB-001-005-H03-UE.F
CP03-EB-001-007-C01-UE.F
CP03-EB-001-007-C03-UE.F
CP03-EB-001-007-C08-UE.F
CP03-EB-001-007-E01-UE.F
CP03-EB-001-007-E11-UE.F
CP03-EB-001-007-F 10-UE.F
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CP03-EB-001-009-B03-UE.F
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CP03-EB-001-009-G11-UE.F
CP03-EB-001-010-B05-UE.F
CP03-EB-001-010-C08-UE.F
CP03-EB-001-010-E04-UE.F
CP03-EB-001-010-F03-UE.F
CP03-EB-001-010-F08-UE.F
CP03-EB-001-012-C06-UE.F
CP03-EB-001-012-E08-UE.F
CP03-EB-001-012-E12-UE.F
CP03-EB-001-012-F07-UE.F
CP03-EB-001-013-B06-UE.F
CP03-EB-001-013-D01-UE.F
CP03-EB-001-013-E03-UE.F
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EST

Provavel Fungao

Classes de Fungoes

CP03-EB-001-014-B04-UE.F
CP03-EB-001-014-B06-UE.F
CP03-EB-001-014-G09-UE.F
CP03-EB-001-015-E09-UE.F
CP03-EB-001-015-F11-UE.F
CP03-EB-001-016-A05-UE.F
CP03-EB-001-016-C09-UE.F
CP03-EB-001-016-D09-UE.F
CP03-EB-001-016-D10-UE.F
CP03-EB-001-016-F03-UE.F
CP03-EB-001-016-G09-UE.F
CP03-EB-001-016-G10-UE.F
CP03-EB-001-016-H10-UE.F
CP03-EB-001-017-A11-UE.F
CP03-EB-001-017-B12-UE.F
CP03-EB-001-017-C01-UE.F
CP03-EB-001-017-D01-UE.F
CP03-EB-001-017-D06-UE.F
CP03-EB-001-018-A04-UE.F
CP03-EB-001-018-D11-UE.F
CP03-EB-001-018-E05-UE.F
CP03-EB-001-019-A10-UE.F
CP03-EB-001-019-F10-UE.F
CP03-EB-001-019-G06-UE.F
CP03-EB-001-019-G09-UE.F
CP03-EB-001-019-H02-UE.F
CP03-EB-001-019-H10-UE.F
CP03-EB-001-020-B01-UE.F
CP03-EB-001-020-B12-UE.F
CP03-EB-001-020-G11-UE.F
CP03-EB-001-021-B06-UE.F
CP03-EB-001-021-C04-UE.G
CP03-EB-001-021-C06-UE.F
CP03-EB-001-021-C06-UE.G
CP03-EB-001-021-F05-UE.G
CP03-EB-001-021-H03-UE.G
CP03-EB-001-022-B07-UE.F
CP03-EB-001-023-B06-UE.F
CP03-EB-001-024-C04-UE.F
CP03-EB-001-024-C12-UE.F
CP03-EB-001-024-D05-UE.F
CP03-EB-001-024-E08-UE.F
CP03-EB-001-024-E09-UE.F
CP03-EB-001-024-F01-UE.F
CP03-EB-001-024-G05-UE.F
CP03-EB-001-025-A02-UE.F
CP03-EB-001-025-C01-UE.F
CP03-EB-001-025-D06-UE.F
CP03-EB-001-025-E03-UE.F
CP03-EB-001-025-E09-UE.F
CP03-EB-001-025-F01-UE.F
CP03-EB-001-026-B03-UE.F
CP03-EB-001-026-B10-UE.F
CP03-EB-001-026-D05-UE.F
Contig149

Contig268

Contig28

Contig424

Contig619
CP02-EB-001-002-G03-FS.F
CP03-EB-001-002-G05-UE.F
CP03-EB-001-003-B10-UE.F
CP03-EB-001-005-E01-UE.F
CP03-EB-001-010-B03-UE.F
CP03-EB-001-013-E12-UE.F
CP03-EB-001-016-B04-UE.F
CP03-EB-001-016-C05-UE.F
CP03-EB-001-016-H05-UE.F
CP03-EB-001-025-H08-UE.F
CP03-EB-001-026-F 10-UE.F
CP03-EB-001-019-F05-UE.F
CP03-EB-001-020-A04-UE.F
Contig217
CP03-EB-001-014-D02-UE.F
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Proteina expressa conservada C19C2.15c¢ in chromosome I
Proteina expressa conservada/ Beta flanking protein
Proteina expressa conservada/ NhaC (Na+/H+ antiporter)
Proteina expressa conservada/ NhaC (Na+/H+ antiporter)
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Tabela 3 = Expresséo diferencial e agrupamento hierarquico dos 192 ESTs selecionados. A coluna
1 mostra as provaveis fun¢des dos genes impressos na membrana e a sua localizacdo na mesma
(numeros). Os valores de expressdo sdo expressos em LOG correspondentes as intensidades dos RNAs
coletados em cada fase em relacdo ao coletado na fase branca

Rosa Pods-estresse Primérdios Basidiomatas
Genes representados no macroarranjo (provaveis fungoes) x branca x branca x branca x branca  Grupo
(91) CEFALOSPORINA ESTERASE/CARBOXILESTERASE 0,0834 -0,0473 0,0087 0,0905 |
(126) CALCIUM TRANSPORTE ATPASE 0,1022 -0,0143 0,0744 0,1210 |
(1) ARIL-ALCOOL DESIDROGENASE AAD 0,0730 -0,0550 0,0558 0,0712 |
(7) PROTEINA EXPRESSA CONSERVADA 0,0641 -0,0097 0,0621 0,1582 |
(50) SPLICE ISOFORMA 1 0,0714 0,0178 0,1339 0,0775 |
(39) PROTEINA EXPRESSA CONSERVADA 0,0610 0,0147 0,1317 0,0783 |
(111) HIDROFOBINA SC3 0,0929 0,0235 0,1354 0,0808 |
(110) GLICOSE-6-FOSFATO 1-EPIRAMERASE 0,0981 0,0327 0,1334 0,1291 |
(97) VACUOLAR ATP SINTASE SUBUNIDADE C 0,0948 0,0292 0,1345 0,1177 |
(150) 60S PROTEINA ACIDICA RIBOSSOMAL P2 0,1068 -0,0041 0,1074 0,0705 |
(51) O-METILSTERIGMATOCY STINA OXIREDUCTASE 0,0844 -0,0216 0,1007 0,0437 |
(74) ATPASE TRANSPORTADORA DE FOSFOLIPIDIOS 0,0505 -0,0449 0,0851 0,0631 |
(73) PROTEINA QUINASE GSK3 0,0363 -0,0567 0,0760 0,0539 |
(61) RECONHECIMENTO DE MAL PAREAMENTO E DNA CRUCIFORME 0,0265 -0,0485 0,0830 0,0639 |
(161) PROTEINA ERV14 VESICULAS DERIVADAS DO RETICULO 0,0488 -0,0315 0,1004 0,0492 |
(86) ALDEIDE DESIDROGENASE 0,0526 -0,0461 0,0864 0,0385 |
(109) AEGEROLISINA 0,0389 -0,0104 0,1144 0,0725 |
(49) DEHYDRATASE DO ACIDO DELTA-AMINOLEVULINICO 0,0315 -0,0202 0,1077 0,0634 |
(62) PRIA 0,0235 -0,0329 0,0982 0,0558 |
(122) PROTEINA TIPO KTI12 0,0267 -0,0261 0,1043 0,0455 |
(121) LINOLEATO DIOL SINTASE LIDS 0,0267 -0,0363 0,0971 0,0364 |
(75) 12-KDA CHOQUE TERMICO HSP12 -0,0084 -0,0598 0,0690 0,0557 |
(25) PEPTIDIL PROLIL CIS-TRANS ISOMERASE / CYCLOPHILIN PPIL1 -0,0004 -0,0431 0,0857 0,0537 |
(26) AMINOACIDO N-ACETILTRANSFERASE 0,0180 -0,0549 0,0635 0,0927 |
(63) PROTEINA EXPRESSA CONSERVADA -0,0150 -0,0559 0,0764 00122 |
(12) ENOIL-COA HIDRATASE -0,0330 -0,0619 0,0668 0,0067 |
(174) ACIL-PROTEINA THIOESTERASE-1 -0,0055 -0,0342 0,0927 0,0291 |
(112) MFS PEPTIDIO TRANSPORTADOR -0,0013 -0,0610 0,0749 -0,0007 |
(52) PROTEINA EXPRESSA CONSERVADA 0,0042 -0,0596 0,0767 0,0016 |
(172) CHOQUE TERMICO HSP 70 0,0038 -0,0010 0,1068 0,0855 |
(38) AA-PRI1 0,0321 -0,0035 0,1153 0,0866 |
(148) COATOMERO SUBUNIDADE ZETA 0,0038 0,0089 0,0990 0,1201 |
(183) COACTOSINA -0,0325 -0,0234 0,0852 0,0424 |
(162) PROTEINA EXPRESSA CONSERVADA -0,0394 -0,0281 0,0785 0,0442 |
(133) TRANSPORTINA-1 -0,0330 -0,0464 0,0703 0,0525 |
(186) PROTEINA DE CHECAGEM DO FUSO MITOTICO MAD2 -0,0631 -0,0732 0,0202 0,0676 |
(98) TIAMINA PIROFOSFATO -0,0507 -0,0954 0,0233 0,0374 |
(37) LANOSTEROL 14-ALFA-DEMETILASE -0,0819 -0,1095 -0,0102 0,0300 |
(77) TRANSPORTADOR DE FOSFATO INORGANICO -0,0639 -0,0984 -0,0469 0,0708 |
(123) PROTEINA DA FAMILIA SCAMP -0,0236 -0,0274 0,0291 0,1362 |
(2) PIM1 -0,0285 -0,0519 0,0296 0,1128 |
(160) PROTEINA DIF-1 (ORNITINE TRANSPORTADORA 1 MITOCONDRIAL) -0,0736 -0,0352 0,0163 0,0900 |
(36) FERULOIL ESTERASE B (PRECURSOR) FAE-1 0,0020 0,0236 0,0489 0,1691 |
(184) UBIQUITINA/RPS27A -0,0088 -0,0177 0,0992 0,0111 I
(9) PROTEINA 1 DE LIGAGAO AO POLIADENILATE PAB1 -0,0227 -0,0251 0,0899 0,0006 I
(99) 40S PROTEINA RIBOSSOMAL S10 -0,0260 -0,0424 0,0807 0,0002 I
(40) INTERSECTINA -0,0167 -0,0362 0,0877 0,0091 I
(124) PROTEINA DE LIGAGAO AO mRNA SRP2 0,0009 -0,0030 0,1101 0,0377 1l
(185) PLEOROTOLISINA B -0,0191 -0,0092 0,0947 -0,0124 1l
(175) COMPLEXO CCR4-NOT SUBUNIDADE CER4 -0,0342 -0,0214 0,0855 -0,0050 I
(169) SORTING NEXIN -0,0195 0,0007 0,1006 0,0097 I
(170) PROTEINA EXPRESSA CONSERVADA -0,0228 -0,0010 0,0990 0,0447 I
(157) NADPH DESIDROGENASE -0,0417 0,0037 0,0887 0,0249 1l
(146) PEQUENA PROTEINA DE CHOQUE TERMICO -0,0130 0,0584 0,1093 0,0167 I
(136) PROTEINA DE CHOQUE TERMICO 90 0,0410 0,0451 0,1283 0,0047 |l
(145) 60S PROTEINA RIBOSSOMAL L36 0,0311 0,0362 0,1298 0,0230 I
(134) POLIUBIQUITINA 0,0334 0,0446 0,1338 0,0313 I
(29) FATOR DE INICIAGAO DA TRANSCRIGAO TFIID SUBUNIDADE 10 -0,0086 0,0240 0,1091 0,0035 I
(5) PROTEINA REDUTASE 3-OXOACIL-ACIL-CARRIER FABG -0,0130 0,0124 0,1014 -0,0142 1l
(1568) TRANSLOCASE MITOCONDRIAL MEMBRANA INTERNA SUBUNIDADE TIM 17 0,0091 0,0495 0,1179 0,0011 1
(173) PROTEINA QUINASE ATIVADA POR 5-AMP SUBUNIDADE BETA-2 AMPK 0,0288 0,0236 0,1299 0,0580 I
(147) PROTEIN RNG2 ATIVADORA RAS GTPASE 0,0501 0,0440 0,1421 0,0621 Il
(137) AA-PRI1 0,0402 0,0413 0,1384 0,0562 I
(159) ENDOCITOSE PROTEINA END4 0,0086 0,0417 0,1258 0,0577 1l
(135) PROTEINA EXPRESSA 0,0791 0,0779 0,1557 0,0735 I
(13) ADENINA FOSFORIBOSILTRANSFERASE 1 0,0688 0,0512 0,1483 0,0737 I
(125) GPI TRANSAMIDASE SUBUNIDADE PIG-U 0,0166 -0,0132 0,1075 0,0076 I
(16) GLUTAMATO SINTASE (NADH) 0,0353 0,0124 0,1247 0,0275 |l
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Tabela 3 — Continuagéo

Rosa Pos-estresse Primordios Basidiomatas

Genes representados no macroarranjo (provaveis funcoes) x branca x branca x branca x branca  Grupo
(182) 1,2-DIHIDROXI-3CETO-5-METILTIOPENTENO DIOXIGENASE 1 (ARD 2) 0,0043 0,0742 0,1017 0,1407 -
(35) PROTEIN EXPRESSA CONSERVADA 0,0690 0,1347 0,1392 0,1524 -
(129) PROTEINA 1 CONTENDO 'DEDOS DE ZINCO' TIPO NFX1 -0,0620 -0,0263 -0,0898 0,0613 1l
(82) PROTEINA EXPRESSA CONSERVADA -0,1366 -0,0513 -0,0731 0,0128 il
(130) NADH DESIDROGENASE -0,1004 -0,0063 -0,0476 0,0613 Il
(22) PROTEIN EXPRESSA CONSERVADA -0,1085 -0,0032 -0,0461 0,0470 1l
(171) PEPTIDIL-PROLIL CIS-TRANS ISOMERASE - FKBP -0,1230 -0,0168 -0,0166 0,0159 1l
(154) HIDROFOBINA SC3 -0,1171 0,0292 -0,0405 -0,0354 il
(83) ENDOGLUCANASE I -0,0824 0,0430 -0,0787 -0,0199 il
(165) PROTEINA TAR -0,0098 0,1048 -0,0135 -0,0566 il
(85) PROTEINA DE DIVISAO CELULAR 123 0,0030 0,0947 -0,0439 0,0349 il
(113) PROTEINA 8 RELATADA A AUTOFAGIA PRECURSOR -0,0792 -0,0971 0,0231 -0,0494 vV
(65) COMPLEXO ARP2/3 SUBUNIDADE 16 KDA (P16-ARC) -0,0717 -0,0964 0,0276 -0,0276 IV
(53) PIRUVATO DESIDROGENASE (LIPOAMIDA) QUINASE -0,0684 -0,0799 0,0403 -0,0232 IV
(138) EXTENSINA PRECURSOR (GLICOPROTEINA RICA EM PROLINA) -0,0401 -0,0926 0,0417 -0,0243 vV
(76) PROTEINA DE CHECAGEM DO FUSO MITOTICO MAD2 -0,0512 -0,0579 0,0614 0,0015 IV
(27) C6 FATOR DE TRANSCRICAO GAL4 -0,0505 -0,0522 0,0645 -0,0143 IV
(188) MBF 1 (MULTIPROTEIN-BRIDGING FACTOR 1) -0,0597 -0,0711 0,0420 -0,0700 IV
(100) ENOIL-COA HIDRATASE -0,0838 -0,0906 0,0220 -0,0701 IV
(88) SUPRESSOR DE CINETOCORO PROTEINA 1 -0,0949 -0,1041 0,0053 -0,0879 vV
(114) ATP SINTASE CADEIA D -0,0641 -0,1093 0,0166 -0,0728 vV
(163) 60S RIBOSSOMAL L43 -0,0136 -0,0676 0,0625 -0,0414 IV
(87) PROTEINA 2 RICA EM GLICINA -0,0186 -0,0683 0,0598 -0,0481 vV
(181) PROTEINA EXPRESSA CONSERVADA -0,0968 -0,0770 0,0200 -0,0023 vV
(45) FATOR DE ALONGAMENTO 3 -0,0952 -0,0689 0,0202 0,0171 IV
(28) DIHIDROLIPOIL DESIDROGENASE LPD1 -0,0779 -0,0769 0,0297 0,0205 IV
(18) PROTEINA EXPRESSA -0,0724 -0,0653 0,0432 0,0118 IV
(66) GLICINA DESIDROGENASE -0,0589 -0,0820 0,0387 0,0192 vV
(67) PROTEINA EXPRESSA CONSERVADA -0,0723 -0,0811 0,0354 0,0005 IV
(24) CALMODULINA -0,0689 -0,0807 0,0388 -0,0090 IV
(151) ASPARAGINIL TRNA SINTETASE -0,0983 -0,0870 0,0168 -0,0236 IV
(149) HIDROFOBINA -0,0785 -0,1159 0,0037 -0,0072 IV
(10) BIOSSINTESE DE SIROHEME MET8 -0,0839 -0,1068 0,0060 0,0042 IV
(152) PROTEINA DE LIGAGAO AO GTP - YPT1 -0,1233 -0,0810 -0,0018 -0,0706 vV
(48) PECTINESTEREASE -0,1081 -0,0407 0,0204 -0,0642 IV
(46) NADH-UBQUINONA OXIDOREDUTASE SUBUNIDADE 21 KDA -0,0904 -0,0440 0,0404 -0,0226 vV
(47) PROTEINA EXPRESSA CONSERVADA -0,0558 -0,0157 0,0715 -0,0269 IV
(43) 12-OXOPHYTODIENOATO REDUTASE -0,0542 -0,0041 0,0718 -0,0366 IV
(41) PROTEINA EXPRESSA -0,0488 -0,0119 0,0796 -0,0061 IV
(8) CITOCROMO P450 MONOOXIGENASE PE-3 -0,0722 -0,0438 0,0520 -0,0436 IV
(6) LIPOILTRANSFERASE LIPB -0,0700 -0,0415 0,0522 -0,0518 IV
(55) HIDROFOBINA -0,0753 0,0057 0,0597 0,0089 IV
(44) EXTENSINA PERCURSOR -0,0617 0,0041 0,0728 0,0082 IV
(79) TRANSALDOSE TAL1 -0,1411 -0,0777 -0,0380 -0,1340 IV
(164) CENTRINA-3 -0,1455 -0,0900 -0,0355 -0,1157 VvV
(80) METABOLISMO DO ESTEROL -0,1335 -0,0663 -0,0138 -0,0938 IV
(115) PEQUENA PROTEINA DE CHOQUE TERMICO -0,1389 -0,1141 -0,0390 -0,1260 vV
(54) MANAN ENDO-1,4-BETA-MANOSIDASE -0,0731 -0,0612 0,0292 -0,0994 IV
(21) MIO-INOSITOL-OXIGENASE -0,0765 -0,0478 0,0345 -0,0908 IV
(56) PROTEINA TRANSPORTADORA -0,1100 -0,0138 0,0205 -0,0183 vV
(60) LEVODIONA REDUCTASE LVR -0,1050 0,0080 0,0197 -0,0441 IV
(72) PROTEINA DE DIVISAO CELULAR 123 -0,1044 -0,0012 0,0246 -0,0389 vV
(20) PROTEINA EXPRESSA CONSERVEDA -0,1029 -0,0074 0,0276 -0,0417 IV
(192) ANTRANILATO SINTASE COMPONENTE 1 -0,1502 -0,0459 -0,0386 -0,0784 IV
(156) 3-CETOACIL-COA TIOLASE, PRECURSOR PEROXISSOMAL -0,1618 -0,0721 -0,0551 -0,0970 vV
(139) HIDROFOBINA -0,1054 -0,1256 -0,0136 -0,0854 IV
(78) PROTEINA EXPRESSA CONSERVADA -0,0979 -0,1219 -0,0103 -0,0999 IV
(90) FATOR DE MUDANGCA DO NUCLEOTIDEO GUANINA EM RHO1 (RHO-GEF) -0,1099 -0,1492 -0,0387 -0,1027 vV
(64) ACIL-COA DESATURASE -0,0916 -0,1270 -0,0063 -0,0581 IV
(11) ATPase FAMILIA AAA -0,0980 -0,1194 -0,0031 -0,0574 vV
(14) METIONINA AMINOPEPTIDASE -0,1160 -0,1508 -0,0426 -0,0724 VvV
(3) PROTEINA SOF1 -0,1180 -0,1535 -0,0458 -0,0856 IV
(101) ARIL-ALCOOL OXIDASE -0,1256 -0,1656 -0,0669 -0,0815 IV
(99) PROTEINA EXPRESSA CONSERVADA -0,1096 -0,1641 -0,0570 -0,0759 IV
(102) PROTEINA DE CHOQUE TERMICO -0,0651 -0,1670 -0,0819 -0,1348 IV
(142) PROTEINA EXPRESSA CONSERVADA -0,1116 0,0096 -0,0617 -0,1264 V
(96) TRANSPORTADOR DE GLICOSE -0,1179 0,0065 -0,0632 -0,1222  V
(191) PROTEINA EXPRESSA -0,1260 -0,0034 -0,0700 -0,1258 V
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Rosa Pos-estresse Primérdios Basidiomatas
Genes representados no macroarranjo (provaveis fungoes) x branca x branca x branca x branca  Grupo
(131)PROTEINA 'DEDOS DE ZINCO' PRDM -0,1236 -0,0036 -0,0703 -0,1301 V
(119) METILCROTONIL-COA CARBOXILASE, SUBUNIDADE BETA -0,1334 -0,0237 -0,0937 -0,1439 V
(93) INIBIDOR DA DISSOCIAGAO DE RHO-GTP -0,1372 -0,0263 -0,0925 -0,1428 V
(106) GLUTATIONE-DISULFITO REDUTASE -0,1310 -0,0303 -0,0899 -0,1564 V
(132) ORNITINE AMINOTRANSFERASE -0,1209 -0,0051 -0,0967 -0,1263 V
(141) ENDONUCLEASE REPARO DE DANOS UV -0,0841 -0,0241 -0,1043 -0,1660 V
(59) INDUTOR TRANSPORTE DE GLUTONATO GTI 1 -0,0932 -0,0234 -0,1059 -0,1635 V
(117) TUBULINA ALFA 1 -0,1068 -0,0434 -0,1233 -0,1688 V
(128) SEPTINA -0,1710 -0,1145 -0,1057 -0,1734 V
(103) CITOCROMO P450 -0,1771 -0,1311 -0,1187 -0,1742  V
(116) PROTEINA RAB-7 RELATADA A RAS -0,0614 -0,0530 -0,0418 -0,1782 V
(104) PROTEINA EXPRESSA CONSERVADA -0,0975 -0,0848 -0,0982 -0,2006 V
(153) PROTEINA EXPRESSA CONSERVADA -0,1221 -0,0725 -0,0445 -0,1652  V
(95) ATP SINTASE SUBUNIDADE BETA -0,1394 -0,0152 -0,0356 -0,0749 V
(94) PROTEINA DE LIGAGAO A CALCINERINA -0,1402 -0,0236 -0,0354 -0,0924 V
(166) ALPHA/BETA HIDROLASE -0,1350 -0,0033 -0,0522 -0,0949 V
(84) SINTASE DE ACIDOS GRAXOS SUBUNIDADE ALFA FAS2 -0,1266 0,0133 -0,0521 -0,0795 V
(167) D-3-PHOSPHOGLICERATO DESIDROGENASE 1 -0,1472 -0,0234 -0,0722 -0,1119  V
(120) PROTEINA DE BIOSINTESE DO COFATOR MOLIBIDENIO -0,1501 -0,0240 -0,0749 -0,1009 V
(69) PROTEIN RHEB DE LIGAGAO AO GTP -0,1326 -0,0301 -0,0307 -0,1168 V
(68) PROTEINA VACUOLAR DE ENDEREGAMENTO DE PROTEINAS -0,1346 -0,0277 -0,0321 -0,1117  V
(105) PROTEINA EXPRESSA CONSERVADA -0,1348 -0,0329 -0,0454 -0,1332  V
(81) POLIPEPITIDEO PENTAFUNCTIONAL AROM - ARO'1 -0,1432 -0,0359 -0,0642 -0,1373  V
(180) 40S RIBOSSOMAL PROTEIN S13 -0,1514 -0,0400 -0,0796 -0,1347 V
(155) PHOSPOHOLIPASE HIDROXILIZAGAO N-ACIL-FOFATIDILETANOLAMINA -0,1401 -0,0242 -0,0706 -0,1322  V
(143) UBIQUITINA/RPS27A -0,1322 -0,0074 -0,0434 -0,1050 V
(108) RIBOFLAVINA QUINASE (PRECURSOR) FMN1 -0,1314 -0,0117 -0,0458 -0,1165 V
(190) ATP SINTASE VACUOLAR 16 KDA -0,0880 0,0316 -0,0236 -0,1138  V
(71) NAD QUINASE 2, PRECURSOR CLOROPLASTO -0,0885 0,0367 -0,0122 -0,1000 V
(70) PIRANOSE DESIDROGENASE -0,1025 0,0339 -0,0359 -0,0944 V
(32) PROTEINA DE LIGAGAO A SEQUENCIA DE LOCALIZAGAO NUCLEAR -0,0865 0,0469 0,0134 -0,0609 V
(107) RHB1 - PROTEINA LIGAGAO A GTP -0,1133 -0,0173 -0,0397 -0,1444 V
(57) PROTEINA 1 RICA EM CISTEINA -0,1169 -0,0299 -0,0280 -0,1390 V
(31) NADPH DESIDROGENASE 2 -0,1074 -0,0111 -0,0146 -0,1245 V
(144) PROTEINA RELATADA A RAS - RAB-4B -0,0912 -0,0021 0,0116 -0,1071  V
(168) L-LACTATO DESIDROGENASE (FMN-DEPENDENTE) -0,1043 -0,0044 0,0030 -0,1013 V
(19) PROTEINA FOSFATASE SLINGSHOT -0,0886 0,0162 0,0164 -0,0912  V
(118) AEGEROLISINA AA-PRI 1 -0,1134 -0,0064 -0,0230 -0,1213  V
(179) PLEOROTOLISINA B -0,1157 -0,0017 -0,0314 -0,1210 V
(58) HIDROFOBINA -0,1092 0,0042 -0,0230 -0,1172  V
(178) PRIA -0,1104 0,0098 -0,0104 -0,0946 V
(42) PROTEINA EXPRESSA CONSERVADA 0,0198 0,0212 0,0927 -0,0568 V
(30) PROTEINA LA ( PRECURSOR DE RNAS POLIMERASE 3) -0,0246 0,0374 0,0262 -0,1151  V
(33) DESIDRATASE DO ACIDO DELTA AMINOLEVULINIE HEM 2 -0,0495 0,0291 0,0652 -0,0566  V
(17) COATOMERO SUBUNIDADE BETA/PROTEINA SUPERFICIE VESICULAS -0,0396 0,0276 0,0805 -0,0369 V
(176) PROTEINASE ASPARTATO CARP -0,0614 0,0215 0,0427 -0,0851 V
(177) AEGEROLISINA AA-PRI1 0,0921 -0,0594 0,0278 0,0043 VI
(34) FATOR DE INICIAGAO DE TRADUGAO EUCARIOTICA 1A2 0,1174 0,0464 0,1027 -0,0133 VI
(4) NADPH CITOCROMO-P450 REDUTASE 0,1217 0,0603 0,1199 0,0076 VI
(189) PROTEINA EXPRESSA 0,0989 -0,0204 0,0716 -0,0200 VI
(15) ENDO-1,4-BETA-XILANASE-A 0,1037 0,0148 0,1105 0,0068 VI
(187) ADENILATE CICLASE 0,0307 -0,0409 0,0657 -0,0672 VI
(23) 2-NITROPOPANE DIOXIGENASE 0,0394 -0,0722 0,0356 -0,0693 VI
(140) PROTEINA EXPRESSA CONSERVADA 0,0320 -0,0465 -0,0591 -0,1301 VI
(92) 2-NITROPROPANE DIOXYGENASE-LIKE PROTEIN -0,0044 -0,0768 -0,0576 -0,1600 VI
(127) FOSFOCETOLASE 0,0107 -0,0834 -0,0906 -0,1300 VI
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ANEXO III



Tabela 4 — Lista dos ESTs que apresentaram similaridade a L. bicolor e U. maydis

EXPRESSED SEQUENCE TAGS (ESTs) COM SIMILARIDADE A LACCARIA BICOLOR E NAO A USTILAGO MAYDIS

Contig244
Contig217
Contig125
Contig324
Contig331
Contig290
Contigl63
Contig151
Contig227
Contig180
Contig325
Contig187
Contig348
Contigl44
Contig155
Contig191
Contig218
Contig232
Contig270
Contig156
Contig301
Contig369
Contig384
Contig387
Contig391
Contigd02
Contigd03
Contigd04
Contig405
Contigd08
Contigd12
Contigd14
Contigd15
Contigd19
Contigd22
Contigd23
Contigd34
Contig438
Contig439
Contigdd4d
Contigdd7
Contigd52
Contigd53
Contigd6l
Contig468
Contigd79
Contig486
Contig541
Contig575
Contig581
Contig584
Contig590
Contig5%94
Contig607
Contig613
Contig618
Contig621
Contig622

CP02-EB-001-004-G02-FS.G
CP02-EB-001-004-C03-FS.G
CP02-EB-001-001-CO5-FS.F

CP02-EB-001-006-E07-UE.F
CP02-EB-001-006-F05-UE.F
CP02-EB-001-006-C08-UE.F
CP02-EB-001-003-A07-FS.F
CP02-EB-001-001-F06-FS.F

CP02-EB-001-004-D02-FS.G
CP02-EB-001-003-B02-FS.F

CP02-EB-001-006-E09-UE.F
CP02-EB-001-003-C0O2-FS.F

CP03-EB-001-001-B01-UE.F
CP02-EB-001-001-FO5-FS.F

CP02-EB-001-001-HO6-FS.F
CP02-EB-001-003-GO03-FS.F
CP02-EB-001-004-D01-FS.G
CP02-EB-001-004-G01-FS.G
CP02-EB-001-006-B03-UE.F
CP02-EB-001-002-A11-FS.F
CP02-EB-001-006-C10-UE.F
CP03-EB-001-001-CO5-UE.F
CP03-EB-001-001-D07-UE.F
CP03-EB-001-001-HO4-UE.F
CP03-EB-001-002-B04-UE.F
CP03-EB-001-002-C03-UE.F
CP03-EB-001-002-C07-UE.F
CP03-EB-001-002-D04-UE.F
CP03-EB-001-003-A03-UE.F
CP03-EB-001-003-A06-UE.F
CP03-EB-001-003-B11-UE.F
CP03-EB-001-003-E02-UE.F
CP03-EB-001-003-E05-UE.F
CP03-EB-001-003-F01-UE.F
CP03-EB-001-003-F11-UE.F
CP03-EB-001-004-B05-UE.F
CP03-EB-001-004-D05-UE.F
CP03-EB-001-004-F07-UE.F
CP03-EB-001-004-F11-UE.F
CP03-EB-001-004-H10-UE.F
CP03-EB-001-005-A11-UE.F
CP03-EB-001-005-B04-UE.F
CP03-EB-001-005-B05-UE.F
CP03-EB-001-005-B11-UE.F
CP03-EB-001-005-C12-UE.F
CP03-EB-001-005-E01-UE.F
CP03-EB-001-005-E04-UE.F
CP03-EB-001-005-G06-UE.F
CP03-EB-001-005-G11-UE.F
CP03-EB-001-005-HO3-UE.F
CP03-EB-001-005-H04-UE.F
CP03-EB-001-005-HO5-UE.F
CP03-EB-001-007-A02-UE.F
CP03-EB-001-007-CO5-UE.F
CP03-EB-001-007-D05-UE.F
CP03-EB-001-007-D08-UE.F
Contig643

Contig644

CP03-EB-001-012-D07- UE.F
CP03-EB-001-010-C04-UE.F
CP03-EB-001-008-C11-UE.F
CP03-EB-001-012-H12-UE.F
CP03-EB-001-013-A03-UE.F
CP03-EB-001-012-F07-UE.F
CP03-EB-001-009-F10-UE.F
CP03-EB-001-009-A06- UE.F
CP03-EB-001-010-F11-UE.F
CP03-EB-001-010-A06-UE.F
CP03-EB-001-013-A02-UE.F
CP03-EB-001-010-B04-UE.F
CP03-EB-001-013-A06-UE.F
CP03-EB-001-008-F12-UE.F
CP03-EB-001-009-C01-UE.F
CP03-EB-001-010-B07-UE.F
CP03-EB-001-010-D08- UE.F
CP03-EB-001-010-HO6- UE.F
CP03-EB-001-012-E02-UE.F
CP03-EB-001-009-F08-UE.F
CP03-EB-001-012-G08-UE.F
CP03-EB-001-013-B12-UE.F
CP03-EB-001-013-C05-UE.F
CP03-EB-001-013-C10-UE.F
CP03-EB-001-013-D02-UE.F
CP03-EB-001-013-E03-UE.F
CP03-EB-001-013-F11-UE.F
CP03-EB-001-013-G08-UE.F
CP03-EB-001-013-HO03-UE.F
CP03-EB-001-013-HO5-UE.F
CP03-EB-001-014-A05-UE.F
CP03-EB-001-014-C09-UE.F
CP03-EB-001-014-C10-UE.F
CP03-EB-001-014-D01-UE.F
CP03-EB-001-014-D02- UE.F
CP03-EB-001-014-D10-UE.F
CP03-EB-001-014-F03-UE.F
CP03-EB-001-014-HO7-UE.F
CP03-EB-001-015-A04-UE.F
CP03-EB-001-015-A09-UE.F
CP03-EB-001-015-B12-UE.F
CP03-EB-001-015-C02-UE.F
CP03-EB-001-015-D10-UE.F
CP03-EB-001-015-F02-UE.F
CP03-EB-001-015-G01-UE.F
CP03-EB-001-015-GO05-UE.F
CP03-EB-001-015-G09-UE.F
CP03-EB-001-016-A05-UE.F
CP03-EB-001-016-B03-UE.F
CP03-EB-001-016-B12-UE.F
CP03-EB-001-016-C04-UE.F
CP03-EB-001-016-C05-UE.F
CP03-EB-001-016-C09-UE.F
CP03-EB-001-016-C12-UE.F
CP03-EB-001-016-D02- UE.F
CP03-EB-001-016-D05-UE.F
Contigb47

Contigb48

CP03-EB-001-017-G11-UE.F
CP03-EB-001-017-D12-UE.F
CP03-EB-001-017-B03-UE.F

CP03-EB-001-018-A03-UE.F
CP03-EB-001-018-B05-UE.F

CP03-EB-001-017-HO9-UE.F
CP03-EB-001-017-D01-UE.F
CP03-EB-001-017-B10-UE.F

CP03-EB-001-017-F10-UE.F

CP03-EB-001-017-D02-UE.F
CP03-EB-001-018-A04-UE.F
CP03-EB-001-017-D07-UE.F
CP03-EB-001-018-B06-UE.F

CP03-EB-001-017-B09-UE.F

CP03-EB-001-017-C07-UE.F

CP03-EB-001-017-D10-UE.F
CP03-EB-001-017-E10-UE.F

CP03-EB-001-017-GO7-UE.F
CP03-EB-001-017-HO7-UE.F
CP03-EB-001-017-C10-UE.F

CP03-EB-001-017-H12-UE.F
CP03-EB-001-018-C04-UE.F

CP03-EB-001-018-D11-UE.F
CP03-EB-001-018-H02- UE.F
CP03-EB-001-019-C03-UE.F

CP03-EB-001-019-C04-UE.F

CP03-EB-001-019-C06-UE.F

CP03-EB-001-019-C12-UE.F

CP03-EB-001-019-E01-UE.F

CP03-EB-001-019-E12-UE.F

CP03-EB-001-019-F02-UE.F

CP03-EB-001-019-F03-UE.F

CP03-EB-001-019-F04-UE.F

CP03-EB-001-019-G05-UE.F
CP03-EB-001-019-G06- UE.F
CP03-EB-001-019-G12-UE.F
CP03-EB-001-019-HO8-UE.F
CP03-EB-001-019-H10-UE.F
CP03-EB-001-020-A04- UE.F
CP03-EB-001-020-A05-UE.F
CP03-EB-001-020-B02-UE.F

CP03-EB-001-020-B12-UE.F

CP03-EB-001-020-E06-UE.F

CP03-EB-001-020-G06- UE.F
CP03-EB-001-020-G10-UE.F
CP03-EB-001-021-B06-UE.F

CP03-EB-001-021-B08-UE.G
CP03-EB-001-021-C04-UE.G
CP03-EB-001-021-C06-UE.G
CP03-EB-001-021-C07-UE.F

CP03-EB-001-021-C09-UE.G
CP03-EB-001-021-E09-UE.G
CP03-EB-001-021-F02-UE.G
CP03-EB-001-021-F08-UE.F

CP03-EB-001-021-F08-UE.G
CP03-EB-001-021-HO03-UE.G
Contig652

Contig81

CP03-EB-001-025-A02-UE.F
CP03-EB-001-024-F08-UE.F
CP03-EB-001-024-D05-UE.F
CP03-EB-001-025-B12-UE.F
CP03-EB-001-025-D02-UE.F
CP03-EB-001-025-B01-UE.F
CP03-EB-001-024-E09-UE.F
CP03-EB-001-024-E05-UE.F
CP03-EB-001-024-G05-UE.F
CP03-EB-001-024-F03-UE.F
CP03-EB-001-025-C01-UE.F
CP03-EB-001-024-F06-UE.F
CP03-EB-001-025-D06-UE.F
CP03-EB-001-024-D12-UE.F
CP03-EB-001-024-E06-UE.F
CP03-EB-001-024-F07-UE.F
CP03-EB-001-024-F09-UE.F
CP03-EB-001-024-H11-UE.F
CP03-EB-001-025-A09-UE.F
CP03-EB-001-024-E08-UE.F
CP03-EB-001-025-B04-UE.F
CP03-EB-001-025-D08-UE.F
CP03-EB-001-025-E03-UE.F
CP03-EB-001-025-F01-UE.F
CP03-EB-001-025-F02-UE.F
CP03-EB-001-025-G10-UE.F
CP03-EB-001-026-A10-UE.F
CP03-EB-001-026-B02-UE.F
CP03-EB-001-026-B03-UE.F
CP03-EB-001-026-C04-UE.F
CP03-EB-001-026-E09-UE.F
CP03-EB-001-026-G06-UE.F
CP03-EB-001-026-H11-UE.F
CP03-EB-001-021-H06-UE.G
CP03-EB-001-022-F12-UE.F
CP03-EB-001-023-B06-UE.F
CP03-EB-001-024-A05-UE.F
CP03-EB-001-024-B12-UE.F
CP03-EB-001-024-C04-UE.F
CP03-EB-001-024-C08-UE.F
CP03-EB-001-024-C12-UE.F
CP03-EB-001-016-D08-UE.F
CP03-EB-001-016-D10-UE.F
CP03-EB-001-016-G01-UE.F
CP03-EB-001-016-G03-UE.F
CP03-EB-001-016-G06-UE.F
CP03-EB-001-016-H04-UE.F
CP03-EB-001-016-H10-UE.F
CP03-EB-001-017-A06-UE.F
CP03-EB-001-007-D09-UE.F
CP03-EB-001-007-E09-UE.F
CP03-EB-001-007-E11-UE.F
CP03-EB-001-007-F09-UE.F
CP03-EB-001-007-F10-UE.F
CP03-EB-001-007-G02-UE.F
CP03-EB-001-007-HO8-UE.F
CP03-EB-001-007-H09-UE.F

EXPRESSED SEQUENCE TAGS (ESTs) COM SIMILARIDADE A USTILAGO MAYDIS E NAO A LACCARIA BICOLOR

Contig160
Contig225
Contig368
Contigd01
Contig466

Contig58
Contig636
CP03-EB-001-002-G11-UE.F

CP03-EB-001-010-B05-UE.F
CP03-EB-001-010-F08-UE.F
CP03-EB-001-015-E11-UE.F

CP03-EB-001-021-G04-UE.G CP03-EB-001-016-G09-UE.F

CP02-EB-001-003-D01-FS.F
CP02-EB-001-006-A04-UE.F
CP02-EB-001-006-B04-UE.F
CP03-EB-001-001-C04-UE.F

CP03-EB-001-004-A02-UE.F
CP03-EB-001-005-C06-UE.F
CP03-EB-001-017-B04-UE.F
CP03-EB-001-018-C05-UE.F
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Campus Soane Nazaré de Andrade, 03 de dezembro de 2007

OFiCIO N 57

Ilma Sra.
MSc. Acassia B.L. Leal
Nesta instituicao

Venho por meio desta informar que o requerimento para Autorizagéo para Trabalho em
Contengdo com OGM projeto

Isolasmento ¢ caracteriza¢iio de genes relacionados a produc¢io de basidiomas de
Crinipellis perniciosa

receben o seguinte registro na CIBIO/UESC e foi aprovado.

015/2005

Atenciosamente,

AR

Dr. Martin Brendel

Dr Martin Brendel

Comissan dntema de Biosseguiania
Presidente - Cibio ¢ Uesc

Universidade Betadual de Santa Cruz — ULSC
Comissio Interna de Biosscguranga
Campars Prof. Soane Nazaré de Andrade, Pavilhic Jorge Amade
Km 16 - Rodovia Théus/ Ltabuna - CIP: 45,630-006. Ilhéus — Bahia — Brasi
Tel.: 3680-5336 Fone/ Fax: (073) 3680-5226



