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RESUMO

O genoma mitocondrial (MtDNA) do fungo Moniliophthora perniciosa foi
completamente seqiienciado e contém 109103 pb, com 31% de bases GC, porcentagem menor
que a encontrada nas seqiiéncias do genoma nuclear (47%). E o maior genoma mitocondrial de
fungos descrito até 0 momento, e seu tamanho € conseqiiéncia de grande espaco intergénico, que
contém diversas ORFs com possibilidade de serem confirmadas como novos genes. Analises
computacionais indicam a presenca de variacdo no numero de mtDNAs/célula nas diferentes
bibliotecas, com tendéncia significativa de menor nimero de mtDNAs/célula no grupo de
bibliotecas proveniente de culturas submetidas a repetidas repicagens. A maioria dos genes
tipicos (atp6, atp9, nadl-6, nad4L, cox1-3, cob, sendo a excecdo o atp8), todos os rRNAS,
tRNAS (foi encontrado pelo menos um para cada aminoacido) e genes das ORFs intrénicas estao
orientados no sentido horario. Foram identificados também um gene rps3 e um grupo de ORFs
com caracteristicas semelhantes as dos genes tipicos. Surpreendentemente 0 mtDNA apresenta
uma regido ocupada por uma estrutura de invertron caracteristica de plasmideos kalilo-like,
integrado de maneira estavel ao genoma em todas as variedades do biétipo C, e presente nos
demais bidtipos testados. Esta seqliéncia estd disponivel no GenBank através do numero de
acesso: AY376688. A outra linha de trabalho foi desenvolvida juntamente com outros
bioinformatas do Laboratorio de Genémica e Expressdo. Foram desenvolvidas ferramentas de
mineracdo e anotacdo de genes para projetos genoma, sendo 0s maiores destaques o Gene
Projects, que permite mineracdo e anotacdo de genes durante o processo de sequenciamento, € a
nova interface de anotacao, desenvolvida para otimizar a qualidade e a eficiéncia da anotacdo de

genes.


http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=34538652

ABSTRACT
The mitochondrial genome (mtDNA) of the fungus Moniliophthora perniciosa was completely
sequenced and it contains 109103 bases pair, with 31% of bases GC, smaller percentage than
found in the sequences of the nuclear genome (47%). It is the largest mitochondrial genome of
fungus described to the moment, and its size is consequence of great intergenic space, with
several ORFs who can be confirmed as new genes. Computational analyses show the presence of
variation in the number of mtDNAs / cell in different libraries, with significant tendency of
smaller mtDNAs / cell number in group of libraries originating from cultures undergoes to
repeatedly reply. Most of the typical genes (atp6, atp9, nadl-6, nad4L, cox1-3, cob, being the
exception the atp8), all of the rRNAS, tRNAS (it was found at least one for each amino acid) and
genes of the intronic ORFs are guided in the hourly sense. Surprisingly the mtDNA presents one
region occupied for a structure of invertron, characteristic of plasmids kalilo-like, integrated in
stable way to the genome in all of the varieties of the biotype C, and present in other tested
biotypes. This sequence is available in the GenBank through the accession number: AY376688.
The other work line was developed together with other bioinformatics of the Genomic and
Expression Laboratory. Data mining and annotation of genes tools were developed for projects
genome, being the largest prominences the Gene Projects, that allows mining and annotation of
genes during the sequencing process, and the new annotation interface, developed to optimize the

quality and the efficiency of the annotation of genes.
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1. INTRODUCAO
1.1. A vassoura-de-bruxa

A doenca vassoura-de-bruxa em Theobroma cacao L. (cacaueiro), causada pelo fungo
basidiomiceto Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora € o maior problema
fitopatoldgico do hemisfério sul das recentes décadas (Griffith, G.W. et al. 2003). A doenca é
originaria da bacia amazonica e so foi detectada no sul da Bahia em 1989 (Pereira, J.L. et al.
1996). De 1991 para 2000 o Brasil teve sua producdo anual reduzida de 320,5 mil toneladas para
191,1 mil toneladas, caindo a sua participagdo no mercado internacional de 14,8% para 4%,
passando de exportador a importador. Esse quadro, associado aos baixos precos do produto
praticados ap6s a introducdo da doenca, tem fragilizado consideravelmente a situacdo socio-
econémica e o equilibrio ecoldgico das regides produtoras do cacau no pais, onde cerca de 2,5

milhGes de pessoas dependem dessa atividade (http://www.agricultura.gov.br/). Este problema

atinge o Brasil como um todo ao afetar toda a cadeia produtiva de cacau.
1.2. O fungo Moniliophthora perniciosa

O fungo causador da doenca foi descrito em 1915 por Stahel como Marasmius perniciosus.
Em 1942 Singer o reclassificou como Crinipellis perniciosa (Stahel) (Singer, R. 1942) e em 2005
ele recebeu o nome atual: Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora (Aime,
M.C. et al. 2005).

Taxonomicamente, M. perniciosa € classificado na divisdo Eumycota, subdivisdo
Basidimycotina, classe Basidiomycetes, subclasse Homobasidiomycetidae, ordem Agaricales e
familia Tricholomataceae (Purdy, L.H. et al. 1996). Baseado em caracteres morfologicos, (Pegler,
D.N. 1978) descreveu trés variedades para esta espécie: Crinipellis perniciosa var. perniciosa, C.
perniciosa var. ecuatoriensis e C. perniciosa var. citriniceps, todas fitopatdgenos de cacaueiro

(Theobroma cacao L.) causando a doenca vassoura-de-bruxa.

Embora se acreditasse que M. perniciosa estava restrito a hospedeiros pertencentes aos
géneros Theobroma e Herrania, da familia Sterculiaceae (Hedger et al. 1987), posteriormente o
fungo foi encontrado associado a outros hospedeiros. (Griffith & Hedger 1994a) consideram que

o fungo pode ser classificado em quatro bi6tipos dependendo do hospedeiro: i) o Bidtipo C, que



infecta cacau e outros membros da familia Sterculiaceae (Bastos et al. 1988); ii) o Biotipo S, que
infecta varias especies da familia Solanaceae (Bastos & Evans 1985); iii) o Bidtipo B, que foi
encontrado numa plantacdo de urucuzeiro (Bixa orellana, Bixaceae) (Bastos & Anderbrhan
1986); e iv) o Bidtipo L, que foi encontrado infectando lianas das espécies Arrabideae verrucosa
(Bignomiaceae) e Entada gigas (Leguminosae) assim como galhos mortos de diversas espécies
de arvores suspensos na copa de florestas primarias na bacia amazoénica (Evans 1978; Hedger et
al. 1987). Os Bidtipos C, S e B causam 0s sintomas caracteristicos da vassoura-de-bruxa
(hiperplasia e hipertrofia do tecido afetado) (Griffith, G.W. et al. 1994a) e o Bidtipo L ndo causa
este tipo de sintoma, parecendo ser um saprofito ndo seletivo (Hedger, J.N. et al. 1987; Griffith,
G.W. et al. 1994b). Mais recentemente foi descrito o Biotipo H, encontrado associado aos
sintomas de vassoura-de-bruxa na espécie Heteropterys acutifolia (familia Malpighiaceae) no
Estado de Minas Gerais, Brasil (Resende, M.L.V. et al. 2000).

M. perniciosa é um fungo hemibiotrofico com dois tipos de micélio: o biotrofico (parasitico)
e 0 necrotrofico (saprofitico). O ciclo de vida do fungo inicia com a germinacdo dos
basididsporos sobre cuticulas e base dos tricomas, com posterior penetracdo por estbmatos,
tecidos lesados ou de forma direta (Sreenivasan, T.N. et al. 1989). Estes tubos germinativos
penetram unicamente em tecidos meristematicos formando um micélio uninuclear e hapléide que
invade os espacos intercelulares do tecido com hifas irregulares, monocarioticas e com auséncia
de grampos de conexdo (Silva, S.D.V.M. et al. 1999). A planta atacada sofre perda de
dominéncia apical, resultando em superbrotacdo chamada de vassoura verde, além de anomalias
em frutos e almofadas florais (Evans, H.C. et al. 1979). O crescimento de M. perniciosa
dicariotizado da origem a um micelio de fase secundaria (saprotréfico), no qual as hifas sdo mais
finas e apresentam grampos de conexao (Silva, S.D.V.M. et al. 1999). Nesta fase, M. perniciosa
causa necrose, apodrecimento e morte dos tecidos afetados da planta, formando as vassouras
secas. Unicamente nesta fase da vida do fungo e ap6s um periodo de seca aparecem 0s
basidiomas, os quais produzem numerosos esporos que disseminam cada vez mais a doenca
(Andebrhan, T. et al. 1994; Orchard, J. et al. 1994). As condic¢des climaticas do Estado da Bahia
favorecem a producdo de esporos durante o ano todo.



1.3. Estratégias de controle

Quando a doenca é estabelecida em uma plantacdo a producdo normalmente sofre queda de
mais de 90% (Griffith, G.W. et al. 2003). Devido a grande importancia econémica da vassoura-
de-bruxa, numerosos esforcos tém sido realizados na tentativa de estabelecer um plano de
controle efetivo e economicamente viavel para esta doenca (Purdy, L.H. et al. 1996). Um
exemplo é o estudo de controle biolégico, como o caso de Trichoderma stromaticum
(Hypocreales), um parasita de micélio e basidiocarpos de M. perniciosa (Sanogo, S. et al. 2002).
A estratégia de controle considerada mais promissora foi 0 uso de variedades de cacaueiro
resistentes a M. perniciosa e alguns clones de cacaueiros resistentes ja estdo sendo distribuidos
para os produtores da Bahia através da CEPLAC. Porém, no Equador demonstrou-se que
variedades resistentes podem tornar-se suscetiveis ao longo de varias geracdes (Bartley, B.G.D.
1986) e um estudo recente demonstrou que a variabilidade genética de M. perniciosa na Bahia é
muito baixa (foram encontrados apenas dois genétipos), ao contrario da variabilidade encontrada
na regido amazonica. Estes resultados indicam que estes clones resistentes podem ser muito

sensiveis a novas introducgdes do fungo provenientes da Amazonia (Rincones, J. et al. 2006).

As pesquisas realizadas até 0 momento ndo tém mostrado opgdes de controle efetivo, devido
principalmente a falta de conhecimentos sobre a biologia basica do fungo e da sua interagdo com
0 hospedeiro. Para suprir esta demanda foi lancado o Programa de Genoma da Vassoura-de-

Bruxa (http://www.lge.ibi.unicamp.br/vassoura), que visa coordenar um conjunto de pesquisas de

diferentes areas, como biologia celular, morfologia, bioquimica, fisiologia vegetal e genética
molecular, tendo os diversos pesquisadores envolvidos o apoio de um banco de dados de
sequéncias genémicas e de cDNA do fungo. O objetivo deste projeto é conseguir as bases para

compreensdo da doenga com vistas a intervencgdo tecnoldgica para o seu combate.
1.4. Mitocéndria

H& um interesse particular na compreensdo do metabolismo mitocondrial, o qual é
freqlientemente utilizado no controle de doengas causadas por fungos (Gisi, U. et al. 2002).
Disturbios neste metabolismo estdo normalmente associados a mutagfes supressivas ou rearranjo
de sequéncias do mtDNA, causando prejuizos na cadeia respiratéria (Tudzynski, P. et al. 1979;
Rieck, A. et al. 1982; Griffiths, A.J. et al. 1992; Osiewacz, H.D. 2002a). Portanto, mutagdes no



mtDNA podem reduzir a eficiéncia respiratdria, taxa de crescimento e viruléncia, e representam
potencialmente uma nova estratégia de controle de fungos fitopatogénicos (Monteiro-Vitorello,
C.B. etal. 1995).

Embora a maioria das espécies de fungos filamentosos sejam aerdbias obrigatorias, fungos
sdo capazes de compensar defeitos respiratorios severos através da inducdo da oxidase alternativa
(AOX), a qual se apresenta como uma via alternativa, desviando o fluxo de elétrons dos
complexos Il e IV e auxiliando na protecdo das células contra o excesso de elétrons causado por
uma cadeira respiratoria defectiva (Osiewacz, H.D. 2002b; Gredilla, R. et al. 2006). Entretanto,
esta protecdo € incompleta e o fendmeno de inducdo da AOX tem sido sistematicamente
associado com o principio do processo de degeneracdo conhecido como senescéncia fungica
(Bertrand, H. 2000).

Plasmideos, introns e seqiiéncias repetitivas sdo conhecidos como agentes de instabilidade no
mtDNA, sendo comumente associados a senescéncia (Griffiths, A.J. 1992). Em Neurospora spp.
alguns isolados que tendem a senescéncia contém um plasmideo linear Kkalilo-like, o qual é
ausente em variedades de vida longa (Bertrand, H. et al. 1985; Bertrand, H. et al. 1986). Este
plasmideo tem uma tipica estrutura invertron com longas repeticdes terminais invertidas, dois
genes que codificam para a DNA polimerase e RNA polimerase e proteinas terminais vinculadas
a extremidade 5 (Chan, B.S. et al. 1991; Court, D.A. et al. 1992). Uma vez inserido no interior
de qualquer gene do mtDNA, este plasmideo induz disrup¢do mitocondrial e estas mitocondrias
com funcionalidade alterada apresentam desvantagens em relagdo a mitocondrias normais; logo,
devido a uma respiragdo defectiva tem-se a ocorréncia de senescéncia e morte (Rieck, A. et al.
1982; Griffiths, A.J. 1992; Griffiths, A.J.F. 1998; Bertrand, H. 2000). Contraditoriamente, em
linhagens AL2 de Podospora anserina e no fungo Physarum polycephalum, espécies que
normalmente senescem, a inser¢do de plasmideos mitocondriais no mtDNA foi correlacionada
com uma aumento da duracdo da vida (Hermanns, J. et al. 1994; Nakagawa, C.C. et al. 1998). Em
alguns casos, a habilidade dos plasmideos mitocondrais em causar senescéncia depende de
fatores ambientais. Por exemplo, em P. anserina a restricdo caldrica estende a duracdo da vida
em variedades normais, mas esta condicdo leva a efeitos opostos nas células que contém o

plasmideo linear pAL2-1 (Maas, M.F. et al. 2004). Embora nem todos 0s mecanismos estejam



bem descritos, estes dados indicam que existe uma interacdo entre os plasmideos mitocondriais, a
longevidade fungica e o metabolismo mitocondrial. Dentre os Basidiomycota, plasmideos de
DNA com estrutura invertron foram completamente seqiienciados em Agaricus bitorquis
(Robison, M.M. et al. 1999), Flammulina velutipes (Nakai, R. et al. 2000) e Pleurotus ostreatus
(Kim, E.K. et al. 2000), entretanto, nenhuma funcéo especifica foi associada com a presenca dos

mesmos nos hospedeiros.

Genomas mitocondriais de eucariotos apresentam diversidade em tamanho, conteddo de
genes e organizacdo do genoma. As subunidades que codificam o complexo um da cadeira
respiratdria (nad1-6 e nad4L) estdo presentes na maior parte dos casos, mas ausentes em algumas
especies, como em Saccharomyces cerevisiae e Schizosaccharomyces pombe. O cddigo genético
dos mtDNAs de fungos é bastante conservado, ocorrendo apenas uma exce¢do em relacdo ao
cddigo genético classico — UGA codifica triptofano ao invés de cddon de terminacdo (Kerscher,
S.etal. 2001).

A sequéncia completa do genoma mitocondrial de M. perniciosa foi obtida (GenBank,
numero de acesso AY376688) e foi encontrado um plasmideo linear integrado de forma estavel
ao mesmo. O conjunto de trabalhos desenvolvidos no Laboratorio de Gendmica e Expressdo
(LGE) permitiu a identificagdo de senescéncia no fungo, processo que foi relacionado com
alteragcdes na morfologia da coldnia, reducdo do numero de mtDNA por célula e com ativagédo da
oxidase alternativa. Este é a primeira vez que a senescéncia é descrita em um basidiomiceto e

foram discutidas possiveis implicacdes da senescéncia no ciclo de vida de M. perniciosa.
1.5. Sistema de mineracao e anotagao

Para facilitar a compreensdo do leitor, a seguir serd dada uma rapida revisdo sobre 0s
principais conceitos envolvidos. Detalhes sobre analise de qualidade de cromatogramas,
montagem, Blast (Altschul, S.F. et al. 1990), mineracdo e anotacdo podem ser encontrados nos
anexos B, Ce D.

A tecnologia mais utilizada atualmente para seqiienciamento, utilizando o método Sanger
(Sanger, F. et al. 1977), gera cromatogramas com cerca de 1000 pb, dos quais apenas parte possui

boa qualidade, e esta qualidade depende de diversos fatores do processo de seqlienciamento. Em


http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=34538652

projetos genoma estes cromatogramas sdo gerados em laboratorios de seqlienciamento,
normalmente distribuidos no estado ou pais. A primeira ferramenta de bioinformatica necessaria
é o sistema de submissdo, que permite que todos os cromatogramas sejam enviados para centros

de processamento onde serdo analisados.

Diversas analises sdo realizadas, e normalmente a primeira é a verificagdo da nomenclatura,
importantissima para que se possa tracar a origem exata da sequéncia gerada, por exemplo: a
descricdo de organismo, variedade/cepa, estratégia de seqiienciamento, detalhes da construcédo da
biblioteca genémica ou de ESTs, placa, primer e ainda que laboratério realizou o
seqlienciamento. A seguir é realizada a analise de qualidade de cada sequéncia, num processo
chamado de base calling, normalmente utilizando-se o programa Phred (Ewing, B. et al. 1998a;
Ewing, B. et al. 1998b). Este processo calcula e atribui valores de qualidade para cada base de
cada seqliéncia, e esta informacdo sera utilizada posteriormente para otimizar processos como
trimagem e montagem. A trimagem é o proximo passo, e se trata da busca de regides que devem
ser marcadas para que nao atrapalhem a montagem. Trechos de vetores, contaminacdes, caudas
poli-A e DNA ribossomal estdo entre os principais trechos que devem ser mascarados para

possibilitar a montagem o mais correta possivel.

A montagem de que se fala é o processo de clusterizacdo (formacdo de clusters ou grupos)
por similaridade de seqliéncias e formacdo de contigs, e se faz necessaria em projetos genoma
devido a quebra do DNA necessaria ao seqlienciamento. Os cromatogramas agrupados em
contigs sdo equivalentes a reconstrucdo do fragmento original. O programa normalmente
utilizado para este fim € o Phrap (Gordon, D. et al. 2001). Nos casos de projetos de ESTs, além
de agrupar sequéncias relativas ao mesmo mRNA, busca-se encontrar paralogos e ainda verificar
padrdes de expressdo virtuais, que podem direcionar estudos posteriores em bancada. Para
montagem de ESTSs, utilizasse mais o programa CAP3 (Huang, X. et al. 1999). Ambos os
programas geram clusters, que séo contigs ou singlets. Singlets sdo seqtiéncias que ndo foram
agrupadas em contigs, e o resultado das montagens pode ser analisado e editado com o0s
programas Consed (visualizac¢do da estrutura de cada contig) e Phrapview (relacGes entre contigs)

(Gordon, D. et al. 1998). A montagem e sua analise também podem ser utilizadas para outros



fins, como a localizacdo de microsatélites e de polimorfismos. Exemplos destas anélises séo

alguns dos trabalhos citados no anexo F.

Os resultados das montagens sao utilizados como fonte de informacédo para diversas analises,
e as principais normalmente sdo mineracdo e anotacdo. Minerar (0 equivalente em portugués a
data mining) é buscar informacdes especificas num banco de dados biolégico, no nosso caso,
principalmente genes. Normalmente é necessario que se finalize o processo de anotagao para que
possa ser iniciada a mineracdo das informacfes de um processo genoma. A anotacdo € a
definicdo de identidade e classificacdo a determinado trecho de DNA, inferindo a fungéo da
proteina codificada pelo mesmo. O processo de anotagdo € um dos mais demorados de um
projeto genoma, e exige 0 tempo precioso de especialistas para anotar e verificar a anotagéo, o
gue motiva a construcdo de analises prévias e interface de anotacdo que facilitem e otimizem ao

maximo a capacidade de trabalho destes pesquisadores.

Outra ferramenta muito importante para a mineracdo de genomas é o Microarray (Schena, M.
et al. 1995), que gera grande quantidade de informacdes (milhares de genes num mesmo ensaio
de hibridizacdo) e exige estrutura de bioinformatica para que seja bem aproveitada. O ideal é que
se possa trabalhar com o maximo de ferramentas de forma integrada, para otimizar a capacidade

de localizagdo de informagé&o relevante.

E importante lembrar que projetos genoma podem ser de seqilenciamento de genomas
completos ou parciais, de ESTs ou ainda (e muito comumente) de DNA gendmico e de ESTs.
Projetos de seqlienciamento em larga escala geram uma grande quantidade de informacdo
bioldgica, que exige uma estrutura de bioinformatica para serem analisadas de forma eficaz e
eficiente. Embora muitos sistemas tenham sido desenvolvidos, dificilmente existem estruturas de
bioinformatica disponiveis que cumpram todas as necessidades especificas de cada projeto. Em
alguns casos € o custo da utilizacdo do programa que inviabiliza a aquisicdo, em outros a

estrutura exigida, necessidades especificas de analise ou ainda de estrutura.

Diversos programas foram estudados, e um resumo desta analise é encontrado na tabela 2 do
capitulo 3, onde o sistema desenvolvido no Laboratorio de Bioinformatica do Laboratorio de
Genbmica e Expressdo (LGE) é descrito detalhadamente. Cada programa é desenvolvido em seu
proprio contexto, visando suprir a demanda escolhida. Dos programas estudados, apenas 0



GENOTRACE (Berezikov, E. et al. 2002) ndo possui interface Web e nédo trabalha com ESTs. O
ESTAnnotator (Hotz-Wagenblatt, A. et al. 2003) é o uUnico que ndo demonstrou possuir
ferramentas de busca nas informacgdes anotadas. Outras caracteristicas s&0 menos comuns, cComo
a utilizacdo de projetos tematicos e o controle de acesso aos dados por login e senha pessoais, s6
descritos no ESTIMA (Kumar, C.G. et al. 2004). O programa GENOTRACE trabalha apenas
com sequienciamento de genomas, e nenhum dos programas estudados permitia a utilizacéo tanto
em projetos de genoma quanto em de ESTs. Processamento de cromatogramas, trimagem e
filtragem de sequéncias e anotacdo de reads sdo caracteristicas comuns dos programas ESTWeb
(Paquola, A.C.M. et al. 2003), ESTAP (Mao, C.H. et al. 2003), ESTAnnotator, Parti-Gene
(Parkinson, J. et al. 2004) e EST-PAGE (Matukumalli, L.K. et al. 2004).

Alguns dos programas estudados realizam clusterizacdes, e alguns trabalham com genomas
durante o sequenciamento, porém nenhum dos programas realiza todas as operagdes necessarias
aos projetos suportados pelo LGE. Para suprir esta demanda foi iniciado no Projeto Vassoura de
Bruxa o Laboratorio de Bioinformatica do LGE, visando o desenvolvimento de ferramentas que
suprissem esta demanda de forma integrada e segura, com baixo orcamento (utilizacdo de
computadores PC e programas de utilizagcdo académica livre), e que pudessem ser adaptados
rapidamente a diferentes projetos suprindo as demandas especificas de cada um. Outro objetivo é
a disseminacdo do conhecimento e da estrutura, através de colaboracbes, palestras e cursos
(anexo F mostra colaboragdes do autor, e anexo G 0s principais cursos e palestras ministrados).

Parte dos resultados deste trabalho conjunto esta descrita nesta tese.
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Abstract

We show that the necrotrophic mycelia of the hemibiotrophic basidiomycete Moniliophthora
perniciosa, the causal agent of the witches’ broom disease in Theobroma cacao. The mtDNA
presents 109,103 bp and is the largest mitochondrial genome sequenced so far. It contains 14
typical genes, two rRNA genes and 26 tRNA genes, with anti-codons for all amino acids. Except
for atp8, all typical genes are transcribed from the same DNA strand. The large genome size is
related to a number of hypothetical genes and to the probably recent integration of a complete
kalilo-like mitochondrial plasmid. Analysis of GC content and codon usage indicates that several

hypothetical genes could be active.

Index Descriptors and Abbreviations: Moniliophthora perniciosa; mitochondrial genome; kalilo;
codon usage; mtDNA: mitochondrial DNA; hyp: hypothetical ORF; hypP: hypothetical ORF
associated to a plasmid-like region; oiXgene: ORF found in intron X of a given gene; CWO:

clockwise orientation; CCWO: counter clockwise orientation.
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1. Introduction

The witches' broom disease (WBD) of cacao (Theobroma cacao L.) is one of the most important
phytopathological problems to afflict the Southern Hemisphere in recent decades (Griffith,
Nicholson et al. 2003). In Brazil, the disease is endemic to the Amazon region and in 1989 was
introduced into southern Bahia, the largest area of cocoa production in the country (Pereira,
deAlmeida et al. 1996). This resulted in a severe drop in the Brazilian production of this
commodity and, within a decade, Brazil shifted from the second largest cocoa exporter to a cocoa
importer (Luz 1997; Andebrhan, Figueira et al. 1999).

Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora (Agaricales, Marasmiaceae),
previously classified as Crinipellis perniciosa (Stahel) Singer, the causal agent of WBD, was
recently determined to be closely related to Moniliophthora roreri (HC, JA et al. 1978; Evans,
Holmes et al. 2002; Aime and Phillips-Mora 2005), the causal agent of frosty pod rot of cacao
(FPR). Prior to this reclassification, the fungal phytopathogen had been one of 112 known
species of  Crinipellis  (Tricholomataceae, = Agaricales,  Basidiomycota,  Fungi)

(www.indexfungorum.org), however, its current association with the other members of the

Crinipellis genus has not yet be reexamined. The infection is accompanied by a concerted series
of physiological and biochemical events (Scarpari, Meinhardt et al. 2005). Initially, the fungus is
monokaryotic and lives in the apoplastic fluid. Though present at low density in this phase of the
disease (Penman, Britton et al. 2000), the biotrophic mycelia cause very pronounced symptoms,
with hypertrophy of the infected tissue. After a few weeks, the fungus converts to the dikaryotic
necrotrophic/saphrotrophic phase, rapidly invades the cells of the infected tissues and is involved
in the necrosis/death of the infected tissue (Purdy and Schmidt 1996; Smith and Read 1997,
Scarpari, Meinhardt et al. 2005; Meinhardt, Bellato Cde et al. 2006).

In view of its importance, M. perniciosa is currently the object of a genome project
(www.lge.ibi.unicamp.br/vassoura) and its biology is presently under intensive investigation
(Rincones, Meinhardt et al. 2003; Scarpari, Meinhardt et al. 2005; Meinhardt, Bellato Cde et al.

2006). In this context, an investigation of the M. perniciosa mitochondrial metabolism is

essential, since this organelle is frequently a target for fungal disease control (Gisi, Sierotzki et al.
2002). Moreover, the sequence of its genome can reveal important evolutionary relationships

between isolates and biotypes (de Arruda, Ferreira et al. 2003).
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Mitochondria are the cytoplasmic energy-transducing organelles of eukaryotes and their
genomes, which are vestigials of endosymbiotic proteobacterial ancestors (Gray, Burger et al.
1999; Lang, Gray et al. 1999), can evolve faster and independently of their nuclear counterpart
(Burger, Gray et al. 2003; Burger and Lang 2003). In view of this evolutionary independence, the
number of mitochondrial genes can fluctuate enormously between species, from 3 to 67 for
protein genes and from 0 to 27 for tRNAs (Adams and Palmer 2003). Genes encoding proteins
that account for essential processes have been conserved throughout evolution and are widely
employed in the study of phylogenetic relationships between species. In contrast, there is an
outstanding diversity in gene organization and gene expression (Bullerwell, Forget et al. 2003;
Burger, Gray et al. 2003) that can reveal details of recent events of speciation. In view of this, an
increasing number of mtDNA genomes have been sequenced or are near completion, which
include Hyaloraphidium curvatum, a probable taxon of the fungal clade (Ustinova, Krienitz et al.
2000; Bullerwell, Forget et al. 2003), and at least 41 complete fungal mtDNAS encompassing
species within the Chytridiomycota, Ascomycota, and Basidiomycota
(www.ncbi.nlm.nih.gov/genomes/ORGANELL ES/fu.html).

The present work is a comprehensive study of the M. perniciosa mtDNA, which includes the

description of its organization, gene content, gene order, and comparative and phylogenetic
analyses.

2. Material and methods

2.1. Fungal isolate, culture and mtDNA sequencing

Total DNA was extracted as described previously (Talbot 2001). The total DNA was sheared by
sonication or nebulization (Surzcki 1990; Surzcki 2000), and fragments ranging in size from 1 to
2 and 2 to 4 kbp were cloned into the Smal site of pUC18 or pCR4Blunt (TOPO Shotgun
Subcloning kit, Invitrogen — Life technologies). The inserts were sequenced and analyzed
following the Whole Genome Shotgun (WGS) approach (Venter, Adams et al. 1998). The reads
were assembled using the Phred/Phrap/Consed software package (Ewing and Green 1998; Ewing,
Hillier et al. 1998) and assemblage accuracy was confirmed with the CAP3 software (Huang and
Madan 1999). The density of reads along the mitochondrial genome (mtDNA) was defined as the
number of reads that form the consensus of each single nucleotide. This estimation was made

considering 500 bp windows. In order to confirm the consensus sequence of the mtDNA
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generated by contig assemblage, we designed a set of primers (Table 1) that covered three
mtDNA regions.

2.2 Gene annotation

Putative mitochondrial genes and ORFs longer than 66 amino acids residues were detected with
ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/) followed by similarity searches for known

genes present in other fungal mitochondrial genomes using TBLASTN and BLASTX (Altschul,
Gish et al. 1990). Their exon/intron boundaries were defined by BLAST and CLUSTAL (Higgins
1994) alignments. The annotation of putative gene function was obtained by similarity searches
using BLAST, CD-SEARCH (Marchler-Bauer and Bryant 2004) and PFAM (Bateman, Coin et
al. 2004). tRNAscan-SE (Lowe and Eddy 1997) and FASTtRNA (el-Mabrouk and Lisacek 1996)
was used in order to identify tRNAs. rRNAs sequences were identified by comparison with
homologous Basidiomycota counterparts. Repeats were analyzed using Reputer (Kurtz,
Choudhuri et al. 2001) and Tandem Repeats Finder (Benson 1999). GC level in the first (GC1),
second (GC2), third (GC3) codon positions and over the whole coding sequence (GCm) was
obtained using CODONW (Peden 1999).

2.3 Statistical analyses

Principal Component Analysis was used to search for patterns of codon usage, using the codon
frequency table generated from the analysis of 91 ORFs with the program CODONW. These data
were submitted to analysis by the method of singular value decomposition of non-centered and
non-scaled data matrix by means of the R software. The number of principal components to be
retained was determined by scree-plot and the percentage of accumulated variation explained by
the components.

2.4 Comparative and phylogenetic analyses

The taxonomic data features reported in the GenBank (release 144) under the heading
“ORGANISM” (www.infobiogen.fr) was used to classify the species used in this study. The

validity of this classification was tested by a phylogenetic analysis using the protein sequences of
three cytochrome oxidase genes (cox1, cox2 and cox3) from 30 fungal species with complete
mtDNA sequence. Individual protein sequences were aligned using ClustalWwW (Thompson,
Higgins et al. 1994) with default options, except for the PAM matrix (Dayhoff, Schwartz et al.

1978). Regions of uncertain alignment at the terminus of the sequences were removed before
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phylogenetic analyses. Misalignments in internal regions were manually edited, resulting in 923
aligned positions from the concatenation of the three cox genes. Phylogenetic analyses using
Minimum Evolution (ME) were performed in MEGA 3 (Kumar, Tamura et al. 2004) with
distances obtained from PAM matrix (Dayhoff and Orcutt 1979). The robustness of tree topology
was tested using 5000 bootstrap resamplings (Felsenstein 1985). A Maximum Likelihood-based
phylogeny (ML) was constructed using PROML and SEQBOOT, available in the PHYLYP
package (Felsenstein 1997), using the same PAM matrix. The tree branch support was obtained
using 100 replicated datasets. Evolutionary rates were presumed to be homogeneous among sites
in both phylogenetic analyses. The gene order for synteny analysis was established for each
mtDNA using GenBank annotations.

3. Results

3.1 Mitochondrial genome sequencing

The genome of Moniliophthora perniciosa is being sequenced using the whole genome shotgun
approach. For this, we constructed approximately 50 genomic libraries using total DNA extracted
from cells of the strain CP02. Each library corresponded to independent cloning events using
DNA obtained from individually growing cultures of CP02.

After assembling 124,565 reads derived from plasmids of different libraries, a large circular
contig enclosing 5,448 reads was generated, this corresponded to the mitochondrial genome
(mtDNA) of the fungus. This sequence was confirmed by further shotgun sequencing, with the
final assemblage containing 6,920 reads, and by the extension of three unrelated regions. The
sequence has been submitted to GenBank (accession number AY376688).

3.2 Protein coding genes

As expected, we identified in the M. perniciosa mtDNA the 14 protein-coding genes typically
found in fungal mtDNA. They are directly involved in oxidative phosphorylation/energy
metabolism, i.e. genes encoding for NADH dehydrogenases (7 subunits), cytochrome ¢ oxydase
(3 subunits), ATP synthases FO (3 subunits) and apocytochrome b. We also found the rps3,
involved in ribosome assembly (Bullerwell, Burger et al. 2000), and 2 polymerases: a DNA-
dependent RNA polymerase (rpo) and a DNA-directed DNA polymerase (dpoB). It is noteworthy
that the polymerases are in opposite orientation and are flanked by two sets of small inverted

repeats (Fig. 1), a structure very similar to that described for kalilo-like mitochondrial plasmids
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(Griffiths 1995). Furthermore, 12 conserved (9 intronic) and 59 non-conserved hypothetical
ORFs were found. These results are summarized in Fig. 1.

3.3 Introns, intronic ORFs, codon usage and ORF orientation

Several of the protein-coding genes were interrupted by introns; 12 introns were found in the
genes cox1, cox2, cob, nadl, nad4 and nad5 and nine of these introns present one conserved
intronic ORF (Fig. 1), bearing domain that is characteristic of endonuclease involvement in the
intron processing. Seven introns contained two LAGLIDADG domains each, one included one
LAGLIDADG domain (Heath, Stephens et al. 1997) and one contained the GIY-YIG_C terminal
domain (Van Roey, Waddling et al. 2001).

Preferential codon utilization was revealed in the M. perniciosa mitochondrial genome, by the
analysis of ORFs from typical genes or conserved intronic ORFs (Table 2). To evaluate whether
the unknown ORFs have the potential to be true genes, the codon usage of all 91 ORFs, including
those from typical genes, were analyzed by CODONW (Peden 1999). Subsequently, the output
table presenting the relative utilization of each codon for each ORF was evaluated by Principal
Component Analysis (PCA) employing a scree-plot, which yielded a two-component solution
accounting for 78.1% of the total variance (65.44% and 12.68% from components one and two,
respectively). This revealed two separated groups of sequences (Fig. 2A), and the second
component was mainly responsible for this separation, which was due to the importance of the
codons UUA, AGA, AGG, AGC, CUU, UGC and UCC in its composition (Fig. 2B). The
majority of the ORFs from hypothetical genes, including the non-conserved intronic ORFs, were
clustered into group A. Group B included the ORFs from all of the typical protein-coding genes
plus rps3, along with ORFs from 3 unknown conserved genes, which have been found in other

mitochondrial genomes, and 17 other hypothetical gene ORFs.

There is an evident correlation between ORF orientation and codon usage. Except ATPS, all
typical genes and most hypothetical ORFs were in the clockwise orientation (Fig 1 and 4). In
counter clockwise orientation, we found the ORF encoding the DNA polymerase dpoB, typically
found in mitochondrial plasmids, and the ORFs HypP3, 58 and 57, located immediately upstream
to dpoB (see Fig. 1).
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3.4 Ribosomal and transfer RNAs

The ribosomal RNAs were identified by similarity searches (paired-BLASTN; (Tatusova and
Madden 1999) with Suillus sinuspaulianus (rnl) and Lentinula edodes (rns), and were located at
positions 463 to 4,748 and 40,091 to 41,988, respectively (Fig. 1).

The software tRNAscan-SE (Lowe and Eddy 1997) identified 26 tRNAs, grouped into three
regions of the mtDNA corresponding to GC% peaks (data not show), with at least one tRNA for
each amino acid. Additionally, one tRNA was found for an undetermined anti-codon and three
tRNAs were present for methionine, with one of them probably encoding for the initiation codon.
Apart from the three Met tRNAs, we found two tRNAs with different anti-codons for Arginine,
Serine and Leucine. The tRNAs positions are indicated in Table 2 indicate the presumed
anticodon for each tRNA.

3.5 GC content

The mitochondrial genome was analyzed for GC content. While the nuclear genome presents a
GC content of 47.7% (calculated from the non-mitochondrial clusters; data not shown), in the
mtDNA it was only 31.9%. In the plasmid-like region there was a drop in the GC%. Comparing
GC1, GC2, GC3 and GCm, we found that GC3 was significantly biased toward lower values,
which has been observed for the mitochondrial ORFs of other fungi.

3.6 Comparative and phylogenetic analyses

A comparison of the mtDNA of several fungi according to the presence or absence of known
genes (Fig. 3) showed that M. perniciosa mtDNA has the same set of genes as Schizophyllum
commune, another member of the Agaricales family, except for the plasmid genes. Recently,
Kouvelis et al. (2004) found synteny between genes in mitochondrial genomes of
Sordariomycetes species. Therefore, we searched for any possible synteny between the
mitochondrial genes of M. perniciosa and additional related fungal species (Fig. 4), but the
results showed no evident of a conservation of gene order.

A second interesting difference was found when comparing the mitochondrial genomes of M.
perniciosa and Podospora anserina, both over 100 kb (Fig. 4). We observed that while in P.
anserina this increased size was due to the presence of several introns, in M. perniciosa it was the
consequence of large intergenic regions, which are occupied by 62 hypothetical ORFs, as

mentioned above.
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Phylogenetic analyses were performed using the three cytochrome oxidase genes (cox), which
produced, individually, almost the same tree for the 30 fungal species analyzed (not shown).
Another analysis was then performed with concatenated cox genes, producing a higher, although
not significant, bootstrap support, especially in the basal branches, which separated the four
major fungal phyla. Phylogenetic trees obtained from concatenate genes by maximum likelihood
(ML) and minimum evolution (ME) largely agreed with each other and with the ordinary fungal
taxonomy (Fig. 3). Figure 5 shows the ME phylogeny, rooted using Allomyces macrogynus as an
out-group (Lang, Burger et al. 1997; Paquin, Laforest et al. 1997; Kouvelis, Ghikas et al. 2004).
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4. Discussion

MtDNAs are characterized by sequences rich in AT (Campbell, Mrazek et al. 1999), and show a
systematic AT mutational bias in unicellular parasites and endosymbionts (Musto, Rodriguez-
Maseda et al. 1995; Andersson, Zomorodipour et al. 1998; Mclnerney 1998; Ghosh, Gupta et al.
2000; Romero, Zavala et al. 2000; Rispe, Delmotte et al. 2004). Accordingly, the mitochondrial
genome of M. perniciosa has a 31.9% GC-content that contrasts with the 47.7% content observed
for the nuclear DNA. We also found that the ORFs of the typical genes generally employed A or
T at the third codon position, a situation that has been verified for most fungal mtDNAs. We have
found tRNAs for each amino acid (Table 2), but not for all codons found in the ORFs of the
typical genes. Even assuming that an unmodified U in the first anti-codon position (wobble
position) can pair with all four bases, while G can pair with U or C (Kerscher, Durstewitz et al.
2001), tRNAs for the codons UGA and AUA were not found. This fact suggests that these tRNAs
may be imported from the cytoplasm, a phenomenon that has been considered for similar
situations observed in other fungi (Specht, Novotny et al. 1992). For example, the mtDNA of
Schizophyllum commune does not code for the tRNA of tyrosine, which is an amino acid
frequently found in proteins encoded in the mitochondrial genome (Paquin, Laforest et al. 1997).
The mitochondrial genome of M. perniciosa contains 14 typical protein-coding genes, common
to fungal mtDNA (Fig. 3), and the rps3, which is an ancient gene encoding a ribosomal protein
that persists in the mtDNA of some Ascomycota, Basidiomycota, Zygomycota and a few
Chytridiomycota (Bullerwell, Burger et al. 2000). Using the amino acid sequences encoded by
the cytochrome oxidase (cox) genes, we were able to reconstruct the phylogeny of M. perniciosa
(Fig. 5). Although the bootstrap value supporting the separation between Zygomycetes,
Basidiomycetes and Ascomycetes was not very high, the topology of this tree was identical to the
phylogeny obtained elsewhere (Kouvelis, Ghikas et al. 2004), which used 14 protein-coding
genes. The analysis using other typical genes showed the same results (data not shown),
indicating that the evolution of the typical genes found in the M. perniciosa mitochondrial
genome occurred with a vertical inheritance pattern.

We also tested the occurrence of synteny between the mitochondrial genes of M. perniciosa in
comparison to other related species of the Basidiomycota, such as Schyzophylum commune (Fig.

4) or Cryptococcus neoformans (not shown), but no conservation in gene order was detected.
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Synteny has been recently described for the mtDNA of Lecanicillium muscarium (Fig. 4) in
comparison with other species of Sordariomycetes (Kouvelis, Ghikas et al. 2004). A
characteristic of these genomes is the relatively small size, with a high density of genes (58% of
coding DNA), which may limit the possibility of recombination or rearrangement due to the risk
of gene disruption. On the contrary, M. perniciosa and Schizophyllum commune present genomes
with lower gene density (around 45% of coding DNA for S. commune), with intergenic spaces
that may provide a greater structural flexibility. Therefore, in view of these structural features, the
absence of synteny is not surprising.

Interestingly, while most fungal mtDNA present a size range of 20-80 kb (Bullerwell and Lang
2005), the M. perniciosa mitochondrial genome is 109,103 kb, which is the largest fungal
mtDNA sequenced so far (http://www.ncbi.nlm.nih.gov/genomes/ORGANELLES/fu.html).
Moreover, the senescence-prone Podospora anserina is also a species with a sequenced

mitochondrial genome over 100 kb. The increased size has been correlated with a high frequency
of introns (Cummings, McNally et al. 1990), some of which were considered to trigger
senescence. For example, aging cells of P. anserine are known to accumulate small mtDNA
sequences that correspond to intron | of the cox1 gene, which constitutes a mobile intron of group
Il (Dai, Toor et al. 2003). This class of molecules are able to retrotranspose in the mitochondrial
chromosome and cause mtDNA rearrangements, which was initially considered to be the cause of
senescence (Sellem, Lecellier et al. 1993). Later, it has been found that the accumulation of small
mtDNA-derived fragments, designated as senDNA, were a consequence of rearrangement and
possible accelerators of the senescence process, but not the primary cause (Begel, Boulay et al.
1999; Dufour, Boulay et al. 2000). SenDNA have been found in several senescent-prone fungi,
such as several species of the genera Neurospora (Bertrand, Collins et al. 1980) and Aspergillus
(Lazarus, Earl et al. 1980).

We searched for parallels in the M. perniciosa mitochondrial genome. In this case, all intronic
OREFs present the typical endonuclease LAGLIDADG domain, thus suggesting that they are type
| introns (Toor and Zimmerly 2002), unable to transpose in the genome. Moreover, we were
unable to detect over-representation of reads for any defined mtDNA region, which would be
expected in the case of an accumulation of senDNA-like elements in old mycelia. Therefore, we
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concluded that these phenomena, although described for several filamentous fungi, do not seem
to be associated with the senescence observed in M. perniciosa.

In contrast to the mitochondrial genome of P. anserina, the large size of the M. perniciosa
mtDNA is a consequence of long intergenic sequences (Fig. 4). We investigated the existence of
potential unknown genes in these regions from all of the 62 hypothetical ORFs found in this
genome. Based on PCA analysis of the frequency of codon usage for all ORFs, conserved and
hypothetical, it was possible to separate them into two groups. Consistently, most of the
hypothetical ORFs clustered separately from the typical and conserved genes, with the exception
of 17 ORFs (Fig. 2, groups A and B, respectively). Also, a tendency in the orientation of genes
and ORFs of the second group was identified, since apart from atp8 and dpoB, all typical and
conserved genes were found in the clockwise orientation. The same was observed for the
hypothetical ORFs, except for a cluster of 3 ORFs found immediately upstream of dpoB. Finally,
the coding potential of the ORFs located in the intergenic regions was inspected by searching for
tRNAs genes in the vicinity, with the rationale being that tRNAs are not expected to be
superimposed with true coding regions. We found that tRNAs form 5 main clusters along the
mtDNA (Fig. 1) and that most of the hypothetical ORFs of the second group were located in
regions not populated by tRNAs. These analyses suggest that the M. perniciosa mtDNA may
present several uncharacterized genes, which should be carefully investigated due to their

potential to encode new proteins involved in mitochondrial metabolisms.
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Tables

Table 1 — List of PCR primers used in this work. Or.: Orientation of the extension by that
primer;. >> and << indicate the primers on the 5* and 3’ sides, respectively. Init. pos. and Final
pos. are for the mtDNA location (bp) where sequence is homologous to the 5° and 3’ primers,

respectively.

PrimerSequence Or.Init. posfFinal pos
GACCCTATGCAGCTTCTACTG p>| 3,062 3,082
TTATCCCTAGCGTAACTTTTATT <| 4,033 4,013
CTGGTTTAATAGAAGGTGATGG p>| 19,938 19,959
GGGAATGAAAGTAGCCGGAGGCk< | 20,906/ 20,885
GCTGATTCCTGCTACCCAC >> | 43,979 43,997
CATAAACAGGTCAGGATATAGG k< | 44,399 44,378

T m| O] O] @ >
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Table 2 — Relative frequency of codon (Cod) and corresponding tRNA anticodons (Anticod) in

exons (E) from conserved mitochondrial genes and intronic ORFs (1) in M. perniciosa. The

tRNAs that can potentially match codons by the wooble rule are indicated by small caps between

parentheses. - indicates the missing tRNAs, and “*’ the stop codons. aa is for amino acid.

Anti- Anti- Anti- Anti-
aa | Cod| E I codjaa|Cod| E | | |cod] aa |Cod]| E | |codjaa|Cod| E | | | cod
Phe|UUU| 334| 141|(g)aa] Ser|UCU| 167| 81| (u)ga] Tyr [ UAU| 217| 107|(g)ua]Cys| UGU| 32| 21](g)ca

uucC 96 15| GAA UCC| 16 9|(u)ga UAC| 39| 20|GUA uGC 4] 6] GCA
Leu| UUA| 545| 172] UAA UCA]| 140] 47| UGA]TER| UAA| 25 7 * | Trp|UGA]| 41| 30| -
UUG| 52| 19|(u)aa ucG| 9| 7[w)ga UAG| 14| 1] * UGG| 21| 9|cCCA
CuUu 79| 43[(wag]Pro| CCU| 109| 47](uwgg] His | CAU| 64] 44]|(g)ug]Arg| CGU 1] 9f(u)g
cuc 5 3| (u)ag ccc| 3| 2|w)gg CAC| 36| 12|GUG cce| 1| 1|(ucg
CUA 72 33] UAG CCA| 47| 20JUGG] GIn | CAA] 111] 50]UUG CGA|] 10| 14]JUCG
cuc| 21| 10|(u)ag cca| 3| 1|lwgg CAG| 14| 11|(u)ug cGG| 1| 1|(u)cg
lle | AUU| 270] 120](g)au] Thr| ACU| 135| 63](u)gu] Asn| AAU| 235| 176](g)uu] Ser| AGU| 114] 60| (g)cu
AUC 44 20| GAU ACC 5] 10{ (u)gu AAC| 34| 30|GUU AGC| 19| 7|GCU
AUA| 286| 108| - ACA| 118] 39| UGU] Lys | AAA| 184| 209] UUUArg| AGA| 78| 49]1UCU
Met | AUG| 102| 35|CAU ACG| 4| 7[w)gu AAG| 18| 25|(u)uu AGG| 1| 3|()cu
val |GUU| 135| 39| (u)ac] Ala|GcU| 164| 46| (u)gc] Asp| GAU| 119] 91](g)uc] Gly| GGuU| 136] 78] (U)cc
GuUC 5 5[ (wac GCC| 13| 3|(u)gc GAC| 20] 11|GUC GGC 9| 5] (u)cc
GUA| 160 42 UAC GCA|] 91] 29]UGC] Glu | GAA| 111 82| UUC GGA| 138] 46juUcCC
GUG 20 3| (wac GCG| 13| 8|(uwgc GAG| 16] 21|(u)uc GGG| 12| 5| (u)cc
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Figure legends

Figure 1 — M. perniciosa mitochondrial genome. The boxes indicate genes, ORFs or inverted
repeats. Sequences in clockwise or counterclockwise directions are indicated by their location
outside or inside the circles, respectively. Typical genes, rRNAs and rps3 are depicted in the
outermost circle. Smaller boxes inside the conserved genes indicate intronic ORFs. The second
circle displays the hypothetical ORFs. Dark box indicates ORF with codon usage pattern from
conserved genes. White dot indicates hypothetical conserved ORFs. The innermost circle
displays the tRNA position with their respective one-letter amino acid code. X is for the
undefined anticodon. The small arrows outside the circles indicate the position of the primers
used to confirm the position of a putative pKAL-like plasmid (1 to 10; see Fig. 3) and the
mitochondria assembly (A to F). Amplification of primers A to F is shown at the top right, with
the indication of the 100bp molecular weight marker. Estimated sizes of the amplified fragments

are indicated.

Figure 2 — Analysis of codon usage in the identified ORFs. A: Plot of principal component
analysis showing the sequence distribution according to codon usage, and relationship with ORF
orientation (CWO: clockwise orientation; CCWO: counterclockwise orientation). B: Variable

loadings (eigenvectors) of the first (left) and second (right) principal components.

Figure 3 — Linnean classification of fungal species with sequenced mitochondrial genomes. The
taxonomical data reported in the GenBank features under the field “ORGANISM” were used to
order the species. “+” and “-“ indicate presence and absence of genes in a given species; “ab”

indicates presence of isoforms and “2” indicates existence of copies.

Figure 4 — Relative mtDNA size and gene location on the physical maps of representative fungal
mitochondrial genomes — Lecaniclillium muscarium, Schizophyllum commune, Podospora
anserine and Moniliophthora perniciosa. Individual genes are indicated by specific colors and

vertical dashed lines inside the gene box represent introns.



29

Figure 5 — Phylogenic tree resulted from the concatenation of cox1, cox2 and cox3 obtained by
Minimum Evolution (5000 bootstrap resamplings). The numbers under each internal branch are

bootstrap values.
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3. CAPITULO?

The phytopathogenic basidiomycete Moniliophthora perniciosa senesces and contains a
linear plasmid stably integrated in its large mitochondrial genome
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Abstract

The hemibiotrophic basidiomycete Moniliophthora perniciosa causes witches’ broom disease in
Theobroma cacao. Older cells of the saprotrophic mycelia show changes in colony morphology,
hyphae mortality, and lower number of mitochondrial DNA (mtDNA) per cell and expression of
an alternative oxidase, showing that M. perniciosa undergoes senescence, a phenomenon
described for only a few ascomycetes. In Neurospora spp. senescence has been associated with
mtDNA rearrangement caused by the integration of linear plasmids such as Kalilo and Maranhar.
Remarkably, a similar plasmid was found integrated in the M. perniciosa mtDNA, but no mtDNA
rearrangements were detected. The plasmid is an integral part of the mtDNA of the cacao-
infecting biotype and GC analysis suggested that its integration is a recent evolutionary
acquisition of this biotype. This is the first report of senescence in a basidiomycete and the
possible advantage of this process in the life cycle of this fungus is discussed.

Index Descriptors and Abbreviations: Moniliophthora perniciosa; witches’ broom; senescence

mitochondrial genome; linear plasmid; mtDNA: mitochondrial DNA; AOX: Alternative oxidase
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1. Introduction

The witches' broom disease (WBD) of cacao (Theobroma cacao L.) is one of the most important
phytopathological problems to afflict the Southern Hemisphere in recent decades (Griffith et al.,
2003). In Brazil, the disease is endemic to the Amazon region and in 1989 it was introduced to
southern Bahia, the largest area of cacao production in the country (Pereira et al., 1996). This
resulted in a severe drop in the Brazilian production of this commodity and, within a decade,
Brazil shifted from the second largest cacao exporter to a cacao importer (Andebrhan et al.,
1999).

Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora (Agaricales, Marasmiaceae),
previously classified as Crinipellis perniciosa (Stahel) Singer, is the causal agent of WBD and
was recently determined to be closely related to Moniliophthora roreri (Aime and Phillips-Mora,
2005; Evans et al., 2002; HC et al., 1978), the causal agent of frosty pod rot of cacao (FPR).
Currently, the Moniliophthora classification pertains only to the C biotype members of the
Crinipellis perniciosa complex, which was subdivided into at least 3 biotypes according to their
hosts (Griffith et al., 2003). Biotype L is the most diverse in terms of biology. It is heterothallic
and infects tropical lianas of the Bignoniaceae and associated plant debris, but this infection
produces no apparent symptoms. Biotypes S and C are homothallic, hemibiotrophic and infect
Solanaceae and Sterculiaceae, respectively. The infection is accompanied by a concerted series of
physiological and biochemical events (Scarpari et al., 2005). Initially, the fungus is monokaryotic
and occupies the apoplastic fluid. Though present at low density during this phase of the disease
(Penman et al., 2000), the biotrophic mycelia cause very pronounced symptoms, with
hypertrophy of the infected tissue. After a few weeks, the fungus converts to the dikaryotic
necrotrophic/saphrotrophic phase and rapidly invades the brooms, which become necrotic
(Meinhardt et al., 2006; Purdy and Schmidt, 1996; Scarpari et al., 2005; Smith and Read, 1997).
The dry brooms can remain attached to the tree for up to several months, until appropriate
environmental conditions induce the necrotrophic hyphae to produce basidiomes. Basidiospores
are then liberated through an explosive mechanism and germinate on cacao meristems, thus
reinitiating the fungal life cycle (Wheeler and Suarez, 1993).

In view of its importance, M. perniciosa is currently the object of a genome project

(www.lge.ibi.unicamp.br/vassoura) and its biology is under intensive investigation (Meinhardt et
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al., 2006; Rincones et al., 2006; Rincones et al., 2003; Scarpari et al., 2005). In particular, we are
very interested in understanding its mitochondrial metabolism, since this pathway is frequently a
target for fungal disease control (Gisi et al., 2002).

Disorders of the mitochondrial metabolism are normally associated with suppressive mtDNA
mutations or sequence rearrangements, which cause impairment in the respiratory chain (Griffiths
et al., 1992; Osiewacz, 2002a; Rieck et al., 1982; Tudzynski and Esser, 1979). Although most
filamentous fungal species are obligate aerobes, fungi are able to compensate severe respiratory
defects by activating a cyanide-insensitive, inducible alternative oxidase (AOX), which bypasses
complexes 111 and 1V and thus helps to protect the cells against electron leakage from an impaired
respiratory chain (Gredilla et al., 2006; Osiewacz, 2002b). However, this protection is incomplete
and the phenomenon of AOX induction has been systematically associated with the onset of the
degenerative process known as fungal senescence (Bertrand, 2000).

In Neurospora spp., some senescence-prone isolates contain the linear DNA kalilo plasmid
(kaIDNA), which is absent in long-lived strains (Bertrand et al., 1985; Bertrand et al., 1986). This
plasmid has a typical invertron structure, with long terminal inverted repeats, two genes that
encode for a DNA polymerase and a RNA polymerase, and 5’-linked terminal proteins (Chan et
al., 1991; Court and Bertrand, 1992; Larsen, 1997). Once inserted into any mtDNA gene,
kalDNA induces mitochondrial disruption and these functionally altered mitochondria
outcompete normal mitochondria, leading to senescence and death due to defective respiration
(Bertrand, 2000; Griffiths, 1992; Griffiths, 1998; Rieck et al., 1982). On the contrary, in P.
anserina strain AL2 and in the slime mold Physarum polycephalum, which are species that
normally senesce, insertion of mitochondrial plasmids in the mtDNA was correlated with an
increased life span (Hermanns et al., 1994; Nakagawa et al., 1998). In some cases, the ability of
mitochondrial plasmids to cause senescence depends on environmental factors. For instance, in P.
anserina caloric restriction extends the life span in normal strains, but this condition leads to the
opposite effect in cells that harbor the linear plasmid pAL2-1 (Maas et al., 2004). Though not yet
clear, these data indicate that an interaction exists between mitochondrial plasmids, fungal
lifespan and mitochondrial metabolism. Among the Basidiomycota, invertron-like DNA plasmids
have been completely sequenced in Agaricus bitorquis (Robison and Horgen, 1999), Flammulina
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velutipes (Nakai et al., 2000), and Pleurotus ostreatus (Kim et al., 2000), but no specific function
has been associated with their presence in these hosts.

Our group obtained the complete sequence of the mitochondrial genome of M. perniciosa
(GenBank; accession number AY376688) and was surprised to find a linear plasmid as an
integral part of this sequence. Moreover, we identified that this species undergoes senescence, a
process that was connected with alterations in colony morphology, a reduction in the number of
mtDNA per cell, and the activation of an alternative oxidase. This is the first time that senescence
has been described for a basiodiomycete and we discuss the possible implication of senescence in
the life cycle of M. perniciosa.


http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=34538652
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2. Material and methods

2.1. Fungal isolates, culture and evaluation of nuclear condition

The isolates of Moniliophthora perniciosa used in this study are listed in Table 1. Isolates were
maintained in Malt Yeast Extract Agar and a piece of mycelia from the leading edge was
subcultured to a new media plate as soon as it reached the edge of the Petri dish. For DNA
extraction, mycelia were grown in malt extract broth at 28°C for over 20 days. In order to confirm
the presence of the plasmid and its site of insertion in the mitocondrial genome we designed a set
of five primers pairs (Table 2 and Fig. 2). Significant changes in culture morphology were noted
after several subculturings (>10), done for a period of over a year (Fig 1D). In order to verify
nuclear integrity, we performed a nuclei staining analysis of the cultures by incubating live
mycelia with 10 units mI™ SYBR® Green | (Molecular Probes, Eugene, OR) in a solution of 10
mM phosphate buffer (pH 7.6) and 18% glycerol for 2 minutes as described previously
(Meinhardt et al., 2001).

2.2. Sequencing, sequence analysis and semi-quantitative PCR analysis

The mitochondrial genome of M. perniciosa was sequenced as part of the Witches’
Broom Genome Project through the whole shotgun approach (Venter et al., 1998). Total DNA
was extracted as described previously (Talbot, 2001) and sheared by sonication or nebulization
(Surzcki, 2000). Fragments ranging in size from 1 to 2 and 2 to 4 kb were cloned into the Smal
site of pUC18 or pCR4Blunt (TOPO Shotgun Subcloning kit, Invitrogen — Life technologies).
The reads were assembled using the Phred/Phrap/Consed software package (Ewing and Green,
1998; Ewing et al., 1998) and assemblage accuracy was confirmed with the CAP3 software
(Huang and Madan, 1999). The density of reads along the mitochondrial genome (MtDNA) was
defined as the number of reads that form the consensus of each single nucleotide. This estimation
was made considering 500 bp windows. The complete mtDNA sequence has been deposited at
GenBank (accession number AY376688). Analyses of GC level and GC skew (Grigoriev, 1998)

were carried out using Analseq (http://ludwig-sun2.unil.ch/~plangend/tp4/analseg.html). Semi-

quantitative PCR analysis was performed in order to compare the relative amount of specific
mitochondrial, plasmid and genomic sequences in a total DNA sample derived from senescent
mycelia (>10 subculturings). Three primer pairs were compared by this approach: P9 and P10
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(plasmid DNA), A and B (mtDNA) and URA3F and URA3R (chromosomal DNA) (Table 2).
The components of the PCR reactions were: 120 ng total DNA, 200 nM each Forward and
Reverse primers, 2.5 mM MgCl,, 200 uM each dNTP, 1X PCR reaction buffer (Invitrogen), and
1 unit Platinum® Taq DNA polymerase (Invitrogen). The samples were placed in a Peltier
Thermal Cycler PTC-225 (MJ Research) using the following program: 5 min at 94 °C and 30
cycles of 50 s at 94 °C, 50 s at the proper annealing temperature (52 °C for primer pairs 9/10 and
A/B and 58 °C for primer pair URA3F/URA3R), and 80 s at 72 °C. Aliguots were taken after
cycles 15, 21, 24, 27, and 30. Gradual accumulation of amplicon products was verified on a 0.8%
agarose gel containing 0.5 pg mL™ ethidium bromide, fragments were separated in 1X TAE
buffer at 4 V/cm.

2.3. Analysis of AOX gene expression

The gene coding for an alternative oxidase (AOX) from M. perniciosa was recognized in the
genome database by sequence similarity with counterparts from other fungi. The partial sequence
of the M. perniciosa AOX was deposited at GenBank (accession number AY376688). Total RNA
from young and senescent saprotrophic cultures was extracted using the RNeasy Plant Mini kit
according to the manufacturer’s protocol (Qiagen, USA, Valencia, CA). 10 ug of total RNA from
each extraction were subjected to ordinary northern blotting (Ausubel et al., 1998). The AOX
probe corresponds to its complete cDNA, without the signal peptide. This 1.3 kb fragment was
extended using the primers AOXF (5’-ATCTCTTCAAGCACCAGTAACAGG-3’) and AOXR
(5’-ACTACTACCTGAACGCCTGTAATGG-3’).The PCR product was confirmed through
agarose gel electrophoresis, purified using the Wizard® DNA Clean-up Kit (Promega), and 3P-
labelled by random priming following standard procedures (Ausubel et al., 1998) Hybridizations
were carried out at 42 °C in a solution containing 50% formamide, 10% polyethylene glycol
(PEG 8000), 7% Sodium Dodecyl Sulfate (SDS), 120 mM Na,HPO, (pH 7.2), 250 mM Sodium
Chloride, 1 mM EDTA (pH 8.0), and 0.1 mg mL™ salmon sperm DNA. Washing of the
membranes was performed according to manufacturer’s instructions. Autoradiography was

carried out at =70 °C, using Kodak X-ODAT film with two intensifying screens.

2.4. Statistical analysis
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The differences between the ratios of reads from nuclear DNA to that from mtDNA were
evaluated by analysis of variance using R software (Ihaka and Gentleman, 1996). Prior to that
analysis, homogeneity of variances was checked by Bartlett test and normality by Shapiro-Wilk
test and QQ-Plot, with the data being transformed by asinvratio and the normality confirmed by

means of Shapiro-Wilk test of residues (Zar, 1998).

2.5. Phylogenetic analysis

The evolution of fungal invertron plasmids was analyzed using a phylogeny of the protein
sequences for the DNA (dpo) and RNA (rpo) polymerases of invertron-like plasmids from the
Basidiomycota and Ascomycota. Individual protein sequences were aligned using ClustalW
(Thompson et al., 1994) with default options, except for the PAM matrix (Dayhoff et al., 1978).
Regions of uncertain alignment at the terminus of the sequences were removed before
phylogenetic analyses. Misalignments in internal regions were manually edited. Phylogenetic
analyses using Minimum Evolution (ME) were performed in MEGA 3 (Kumar et al., 2004) with
distances obtained from PAM matrix (Dayhoff and Orcutt, 1979). The robustness of tree
topology was tested using 5000 bootstrap resamplings (Felsenstein, 1985). A Maximum
Likelihood-based phylogeny (ML) was constructed using PROML and SEQBOQT, available in
the PHYLYP package (Felsenstein, 1997), using the same PAM matrix. The tree branch support
was obtained using 100 replicated datasets. Evolutionary rates were presumed to be

homogeneous among sites in both phylogenetic analyses.
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3. Results

3.1 Mitochondrial genome sequencing and estimation of mitochondria copy number

The genome of Moniliophthora perniciosa was sequenced using the whole genome shotgun
approach. For this, we constructed approximately 50 genomic libraries using total DNA extracted
from cells of the isolate CP02 (Table 1). Each library corresponded to independent cloning events
using DNA obtained from individually growing cultures of CP02. After assembling 124,565
reads derived from plasmids of different libraries, a large circular contig enclosing 5,448 reads
was generated that corresponded to the mitochondrial genome (mtDNA) of the fungus. This
sequence was confirmed by further shotgun sequencing, with the final assemblage containing
6,920 reads, and by the extension of three unrelated regions (data not shown). Because mtDNA
was assembled from randomly generated-reads, the occurrence of mitochondrial or nuclear reads
is directly proportional to the amount of DNA in each of the two genomes. Thus, considering that
(i) cells are dikaryotic (two nuclei/cell), (ii) the individual nuclear genome has approximately 30
Mb (Rincones et al., 2003) and (iii) the mitochondrial genome is 109 kb, the occurrence of one
read of mtDNA in every 550 reads would indicate the presence of one mtDNA/cell. According to
this calculation, we estimated a mean of 25 mtDNA per cell. However, we identified that the
proportion between nuclear and mitochondrial reads was not constant, but varied according to
age of the cells employed to produce the libraries (Fig. 1A). Libraries produced from young
mycelia presented a higher number of mitochondrial reads in their composition, with an
estimated frequency of 41 mtDNA/cell, when compared with libraries constructed using DNA
from older hypha (16 mtDNA/cell). This difference of composition was statistically significant,
as determined by the F-test in the analysis of variance of transformed data ratios at a 1% level of
significance (Fig. 1B and 1C). The correlation between number of mitochondria and the age of
the culture suggested the existence of different physiological stages in the saprotrophic mycelia.
This fact led us to make a more detailed inspection of young and old cultures growing in solid
media. We observed that continuous subculturing of the hyphae lead to a change in colony
morphology. In some cases, we were able to observe in the same plate the formation of sectors
with different growth patterns (Fig 1D, central picture), which were maintained even when new
cultures were started with cells from the different sectors (Fig. 1D, panel left and right). While

young cultures show a regular and vigorous growth, with cells containing distinct nuclei (Fig. 1D,
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right panels), old cultures present an irregular progression of mycelia, forming concentric
borders. Most cells of old cultures contain smeared DNA (Fig. 1D. left panels) and are unable to
initiate a new culture. Taken together, these observations indicate the occurrence of the
senescence phenomenon, which has been described in a limited number of fungal species
(Griffiths, 1992).

3.2 Plasmid sequence

We identified in the M. perniciosa mitochondrial genome a structure resembling linear
mitochondrial plasmids (Griffiths, 1995): a DNA-dependent RNA polymerase (rpo) and a DNA-
directed DNA polymerase (dpoB), in opposite orientation and flanked by two sets of small
inverted repeats (Fig. 2). The mitochondrial kalilo plasmids harbin-3, from Neurospora
intermedia and maranhar, from N. crassa, have been found in dynamic integration processes
associated with mtDNA rearrangement and senescence (Bertrand et al., 1986; He et al., 2000).
Since M. perniciosa undergoes senescence as well, we reasoned that the plasmid we found in the
mtDNA could be involved in this phenomenon by leading to the disorganization of mtDNA in
old mycelia. If so, the plasmid would be expected to be able of autonomous replication from the
mitochondria and that it would cause the formation of rearranged versions of the mtDNA by
random integration.

To test this hypothesis, we first investigated the presence of rearranged versions of the mtDNA
by inspecting if the assemblage of mtDNA was unique or if non-consensus regions were formed
when DNA sequences from old and young hypha were mixed. This analysis clearly showed that
the assemblage always resulted in the same consensus, thus refuting the possibility that diverse
mtDNA versions were being produced as the mycelia aged. Moreover, the density of reads was
homogeneous along the mtDNA assemblage (data not shown), indicating that the plasmid region
may not exist in free form. In this case, it would be expected that reads composing its sequence
would be overrepresented. In order to further confirm this hypothesis, a semi-quantitative PCR
analysis was carried out to compare the relative amount of specific mitochondrial, plasmid and
genomic sequences in a total DNA sample derived from senescent mycelia (>10 subculturings)
(Fig. 4a). The results confirm a higher proportion of mitochondrial DNA (amplicon can be seen
after 21 PCR cycles) in relation to genomic DNA (amplicon can only be seen after 24 cycles) and
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also indicate equal proportion of mitochondrial and plasmid sequences. This result indicates that
the plasmid is an integral part of the mtDNA.

In order to investigate the existence of this plasmid sequence in other isolates and to survey for
mitochondrial genomes without the inserted plasmid, a set of five primer pairs was designed
(primers P1 to P10 in Table 2) and tested in specific combinations (Fig. 2, upper panel). Note
that, except for P5 and P6, all primer pairs match the sequences immediately adjacent to the
inverted repeats.

In Fig. 2, lower panel, we show representative results of the PCR analysis of 37 isolates,
including 28 C- and 9 L-biotypes. Using DNA from all C-biotypes isolates, independent of their
geographic origin (Table 1), and the PCR extension always resulted in the same profile found in
the reference isolate (CP02). This indicates that all of these isolates bear a plasmid-like region
integrated at the same site in their mitochondrial genome. On the other hand, PCR analysis of the
L-biotype DNA showed significant differences in its profile. Although these isolates may bear a
plasmid-like region, as can be concluded from the positive extension of the primer pairs P5-P6
and P7-P8, this region is not integrated at the same site within the mitochondria, due to the fact
that the extension of primers P1-P2 and P3-P4 failed to produce discrete fragments. Moreover,
extension of P9-P10 produced fragments with sizes differing from those found in the C-biotypes.

Additional fragments were observed at reduced intensities in the gels and were consistently
produced in most reactions, such as P5-P6, P7-P8 and P9-P10 in C-biotype isolates (Fig. 2).
However, these fragments were produced even when only one primer was independently used in
the PCR reaction (data not shown). The probable explanation for these spurious amplifications is
the high AT content of the primers, an unavoidable feature due to the low GC content found in
the mtDNA, which may allow for a less stringent pairing.

All isolates were also tested with the primer combination P1-P4, which should amplify a small
fragment in any mtDNA lacking the plasmid. Irrespective of the biotype tested, we did not
succeed in identifying any band of this size.

3.3 GC content

The mitochondrial genome was analyzed for GC content. While the nuclear genome presents a
GC content of 47.7% (calculated from the non-mitochondrial clusters; data not shown), in the

mtDNA it was only 31.9%. The local content was assessed by sliding windows over 5000/500 bp
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and 500/50, which presented compositional variation according to the region (Fig. 3). In the
plasmid-like region there was a drop in the GC% (black line: 5000/500), a reduction in the local
variation of this composition (blue line: 500/50) and a change in the direction of the cumulative
GC skew (limited by the dotted lines 1 and 4), which is an event that might represent a genome
rearrangement (Grigoriev, 1998). This region covers not only the core plasmid (between the
inverted repeats; Fig. 2), but also the hypothetical ORFs HypP3, 58, 57, 28 and 29, upstream to
dpoB (Fig. 2). Moreover, the cumulative GC skew indicates that the origin of replication may be
located around position 1, in which a negative peak was identified (Fig. 3).

3.4. AOX gene expression analysis

AOX gene expression in young and senescent cultures of saprotrophic mycelia of M. perniciosa
was investigated by northern blot analysis. The results show that AOX expression cannot be
detected in the young saprotrophic cultures, while in the senescent cultures its expression is
considerably induced (Fig. 4b). This result indicates that the respiratory chain is impaired in older
saprotrophic cultures of M. perniciosa.

3.5. Phylogenetic analysis of the sequences of the plasmid polymerases

The genes encoding polymerases from all fungal invertrons-like plasmids (including kalilo-like
ones) were compared with the putative plasmid polymerases found in the M. perniciosa mtDNA.
Both ML and ME analysis produced the same topology (Fig. 5 shows ME results), indicating the
separation of the sequences into two major groups: kalilo-like and other non-kalilo-like linear
plasmids. In this analysis, M. perniciosa genes grouped together with the kalilo-like sequences
from other fungi.



48

4. Discussion

In this work we report the phenomenon of senescence in Moniliophthora perniciosa. Senescence
was detected in fungal cultures during the sequencing of its mitochondrial genome (mtDNA)
using the whole shotgun strategy. In order to sequence the mtDNA, several libraries had to be
constructed because initial DNA isolations, when only older fungal cultures were available for
DNA extraction, proved to be inefficient. We observed that with older cultures, independent of
the cell density used for extraction, the final DNA concentration was low and unstable; i.e. it
degraded rapidly when incubated at room temperature. On the other hand, stable DNA could be
easily obtained from mycelia derived from newly germinated spores or from mycelia that had
been subjected to only a few cycles of subculturing. Additionally, the frequency of mitochondrial
reads in the genomic libraries could be negatively correlated with the number of subcultures prior
to the extraction of DNA,; i.e. mycelia subcultured for multiple cycles presented a significantly
lower proportion of mtDNA when compared to nuclear DNA. The mycelia from multiple
subculturing cycles revealed a lower number of mtDNA/cell, estimated at 16 copies, while newer
mycelia showed a higher proportion of mtDNA, estimated at approximately 41-mitochondrial
genomes/cell.

In view of this difference in the number of mitochondria, closer inspections of the fungal cultures
were made. New cultures originated from germinating spores showed vigorous and homogenous
mycelial morphology (Fig. 1D, right panel). However, after ~10 subcultures (approx. 45 cm of
linear growth), depending on the isolate, mycelial growth became irregular and slow (Fig. 1D,
left panel), showing a concentric and irregular pattern resembling the “stop-start” growth of
senescent kalilo and maranhar strains of Neurospora intermedia and N. crassa, respectively
(Court et al., 1991; Griffiths et al., 1992; Griffiths and Bertrand, 1984; Griffiths et al., 1986).
Continuous subculturing led to the death of the culture. Consistent with this fact, staining of
nuclei with SYBR® Green | showed that most cells from older cultures have degraded nuclei in
contrast with cells from young cultures (see detail in Fig 1D). Therefore, it appears that
saprophytic cultures of M. perniciosa undergo senescence, a term that was initially employed for
the ascomycete Podospora anserina to describe a very similar process (Griffiths et al., 1992;
Griffiths and Bertrand, 1984; Marcou, 1961; Osiewacz, 2002b; Rizet, 1953; Rizet, 1957). The

explanation for the “stop-start” mycelial morphology may be related to the persistence of latent
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living cells in the mycelium that are located several centimeters away from the dead tips and are
responsible for reinitiating mycelial growth over the dead tissue (Bertrand and Pittenge, 1969).
To our knowledge, this is the first time that senescence has been described for a basidiomycete.
The phenomenon has been intensively studied in the ascomycetes Neurospora spp. and
Podospora anserina, and although there is mitochondrial failure in both cases, the mechanisms
involved seem to be diverse.

In Neurospora spp. senescence has been associated with mitochondrial plasmids, such as the
kalilo and maranhar of Neurospora intermedia and N. crassa, respectively (Bertrand et al., 1986;
Court and Bertrand, 1992). In these species, there is a strong correlation between the presence
and random insertion of these plasmids into the mtDNA and the onset of senescence and death
(Griffiths et al., 1992). It has been postulated that in young cultures the plasmids are only found
in free form. After a specific time period that depends on the strain, the plasmid begins to
proliferate and inserts at random sites in the mtDNA. As senescence progresses a greater number
of inserted molecules is found, thus generating new versions of the mtDNA (Griffiths, 1992). For
unknown reasons, the rearranged mtDNAs show a higher ability to proliferate and become more
frequent in the mycelia, ultimately leading to disruption of mitochondrial function, senescence
and death (Bertrand et al., 1986; Court and Bertrand, 1992).

Interestingly, two of the ORFs identified in the mtDNA of M. perniciosa were the polymerase
encoding genes dpo and rpo, which are arranged as an invertron structure that is typical of
mitochondrial linear plasmids (Griffiths, 1995; He et al., 2000; Larsen, 1997). The plasmid-like
sequence found in the mtDNA of M. perniciosa seems to be complete, with the two polymerases
flanked by inverted repeats.

In order to test whether the linear plasmid found in the mtDNA could account for the senescence
seen in M. perniciosa, we studied its structure and replication. The phylogenetic analysis of the
plasmid polymerases produced a consistent Agaricales group represented by plasmids pFV1 of
Flammulina velutipes and pMLP2 from Pleurotus ostreatum (Fig. 5), thus indicating that the
presence of such sequences in M. perniciosa follows a natural evolutionary history. Concerning
its structure, we found some important differences between this plasmid and true linear plasmids.
Firstly, typical inverted repeats of linear plasmids are long (around 1000 bp), but in the plasmid-

like sequence of M. perniciosa they consist of two short pairs of discontinuous repeats, 347 and
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130 bp long (Fig. 2), that are located 11284 and 6743 bp apart, respectively. Three hypothetical
ORFs were found in the region between the short and long repeats (Fig. 2). It is possible that such
interruptions in the inverted repeats hampered the autonomous replication of the plasmid by
preventing recombination between these regions. In fact, we show that plasmid and mtDNA are
found in equal proportion in a total DNA sample (Fig. 4a), indicating that this plasmid is indeed
unable of autonomous replication, thus being found only integrated in a stable manner into the
mtDNA. In addition, no recombinant versions of the mtDNA of M. perniciosa was found during
the assembly of almost 200,000 reads from different cultures (Fig. 1), indicating that the
sequence of the mtDNA of this fungus remains stable and is not subjected to dynamic
recombination or any other similar processes.

Stability of the mtDNA was further tested by examining several M. perniciosa isolates from
different geographic regions and biotypes. Remarkably, the results show that all C-biotype
isolates, independent of geographic origin, presented the same PCR extension profile (Fig. 2),
further confirming that the plasmid region is an integral part of the mitochondrial genome of this
biotype. In contrast, the analysis of L-biotype isolates indicated the existence of a similar
sequence, but it was neither identical nor integrated at the same position in the mitochondrial
genome of this biotype. Therefore, the stable integration of this plasmid in the mtDNA could be a
recent evolutionary event, possibly associated with the development of some biotypes. A detailed
analysis of the mitochondrial sequences reinforced this hypothesis. The invertron and the five
hypothetical ORFs of the plasmid region (three conserved and two unknown; Fig. 2) showed a
very particular GC pattern (Fig. 3), including a preeminent alteration in the direction of the
cumulative GC-skew. This fact suggests that the whole plasmid region was integrated into the
mitochondrial genome in a single event and that its sequence has not yet adapted to the rest of the
genome (Guy and Roten, 2004; Roten et al., 2002). This is a situation similar to the one described
for the integration of prophages into bacterial genomes (Lazarevic et al., 1999).

Therefore, the evidence presented here indicates that disruption of mtDNA integrity,
caused by plasmid integration, may not be responsible for the senescent phenotype observed in
M. perniciosa.

In fact, there is no direct relationship between the presence of mitochondrial plasmid and

senescence. True linear mitochondrial plasmids have been found in numerous fungal species,
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including basidiomycetes, for which no senescence has been detected, or at least described
(Griffiths, 1995). However, the fact that this plasmid seems to be complete and it is stably
integrated in the mitochondrial genome of the C-biotype isolates is intriguing. In most cases of
plasmid integration, only fragments of plasmid (*“scars”) remain as integral parts of the mtDNA
(Cahan and Kennell, 2005).

It has been suggested that mitochondrial plasmids could confer some advantage to their
hosts, such as improved resistance to temperature and higher fertility in Neurospora spp. (Bok
and Griffiths, 2000). Also, in some species, such as P. anserina and Physarum polycephalum,
which undergo senescence through a plasmid-independent process, insertion of mitochondrial
plasmids into the mtDNA was correlated with an increased lifespan (Hermanns et al., 1994;
Nakagawa et al., 1998). Considering that M. perniciosa is a filamentous fungus with coenocytic-
like arrangement (Maheshwari, 2005) that would allow competition at the subcellular level
(Bertrand, 2000; Taylor et al., 2002), the integration of this plasmid at this precise site in the
mtDNA of the C-biotype could have conferred some advantage to this organelle that resulted in
its proliferation and ultimate displacement of mitochondria that lacked this integration. Further
studies would be needed in order to verify this hypothesis.

Although we failed to detect rearranged versions of the mtDNA of M. perniciosa, we did find a
correlation between a significantly lower number of mitochondria per cell and the onset of
senescence. Moreover, we were able to detect increased AOX expression in senescent
saprotrophic cultures when compared to young ones (Fig. 4b). This result is consistent with the
observations that alternative oxidase is induced as senescence progresses in senescent fungal
species (Bertrand, 2000; Osiewacz, 2002b). Therefore, it is highly probable that the reduction of
mitochondrial DNA in older cells of M. perniciosa is connected with a process of mitochondrial
failure, which results in increased AOX expression.

In conclusion, our findings suggest that the life cycle of M. perniciosa described in literature is
incomplete, and a further stage should be added to the four phases previously defined by specific
cell morphology: (1) spores, (2) biotrophic mycelium (3) necrotrophic/saprotrophic mycelium,
and (4) mushroom/fruiting body (Evans, 1980; Purdy and Schmidt, 1996). In fact, the
saprotrophic mycelia show at least two distinct age-dependent morphologies that relate to

different physiologies with regards to respiration and energy production.
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Considering that senescence occurs rarely in fungi, the presence of this phenomenon in M.
perniciosa leads us to believe that it could play an important role in the biology of Witches’
Broom Disease. The degraded nuclei suggest that most mycelial cells die during the late
saprotrophic phase. Nevertheless, these dead cells might be valuable to the mycelia as a whole,
since, according to (Maheshwari, 2005), nuclei of filamentous fungi may serve as storehouses of
nitrogen and phosphorus in the form of DNA. The breakdown products would then be recycled
through the “coenocytic-like mycelia”, thus providing hyphal tips with the ability to persist and
forage into new areas (Maheshwari, 2005). Consequently, the rapid colonization of infected
tissues followed by the death of old mycelia could be a strategy used by M. perniciosa to allow
the quick absorption and storage of large amounts of nutrients that are available promptly after
the death of the tissues (brown brooms) and, thus, reduce nutrient availability for competing
saprotrophic microbes. Moreover, the “stop-start” growth pattern suggests the existence of cells
in stationary phase that could “wait” for the proper conditions to start basidiome formation
(Rocha and Wheeler, 1985). Additional studies, such as detailed histology of the nuclear
condition of the mycelia in planta, a careful survey of the mtDNA from other biotypes, and the
analysis of the expression of genes connected with mitochondrial function are the next steps to
unravel the fascinating life-cycle of M. perniciosa.
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Figure legends

Figure 1 — Distribution of nuclear and mitochondrial reads from shotgun libraries constructed
with total DNA extracted from old (white area) or young (gray area) CP02 mycelia. A — top:
number of reads from mitochondrial genome (black bars) in comparison with total reads (gray
bars). Number of reads in each library is given in log scale (y axis). A — bottom: ratio between
mitochondrial and total reads (y axis). B: QQ-Plot analysis showing normal distribution of
transformed data (asinvVratio). C: Box-Plot of transformed data (asinvratio) showing the percent
of mitochondrial reads in libraries from young (gray) and old mycelia (white). D. Cultures on
plate showing the apparent morphology of the mycelia. Right, cultures of young mycelia; central
picture, formation of sectors in a plate recently subcultured from a young mycelia showing the
shift to old hyphae; left, growth of old hyphae, forming concentric borders. In the detail,
fluorescent light microscopy of cells from both young and old hyphae stained with SYBR®
Green | (solid bars = 10 microns). In young mycelia the dikaryotic nuclei are easily identified,

while in old cells they appear degraded.

Figure 2 — Plasmid structure and occurrence in different isolates and biotypes. A general scheme
of the plasmid is shown at the top; it encompasses two polymerases (rpo and dpoB) and
hypothetical ORFs, which present the same color when they have significant sequence similarity.
Identical inverted repeats are connected by dotted lines and their sizes are indicated. The primer
positions are indicated along with the expected size of the amplifications for each pair. A
representative result of the DNA amplification from 3 different C-biotype isolates, collected in
Bahia and Amazon, and two L-biotypes (see Table 1) is shown at the bottom. Note that for each
amplification reaction of C-biotype isolates, the most intense band always corresponds to the

expected size indicated in the scheme.

Figure 3 — Analysis of GC along the M. perniciosa mitochondrial genome. The relative position
of conserved genes, intronic ORFs, hypothetical genes in the CWO and CCWO, and tRNAS is
shown at the bottom. Local GC percent was obtained by scanning the sequence with sliding
windows of 5000/500 bp (black line) and 500/50 bp (blue line). The red line shows the
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cumulative GC skew. Traced vertical lines represent areas of the plasmid region: lines 1 and 2
mark the limit of the external inverted repeats; line 3 represents the border of the last ORF in
CCWO with conserved codon usage; line 4 indicates a sharp alteration in the amplitude of the

GC percentage.

Figure 4 — A — Semi-quantitative PCR analysis of a total DNA sample from senescent mycelia
(>10 subculturings) used to compare the relative amounts of specific mitochondrial, plasmid and
genomic sequences. PCR conditions were identical for the three reactions, using three different
specific primer pairs: P9 and P10 for plasmid DNA; A and B for mtDNA and URA3F and
URAZ3R for nuclear DNA (Table 2). Gradual accumulation of the PCR product was verified by
collecting 5 uL aliquots from each reaction after the number of cycles indicated. M= size marker
A-Hindlll (Invitrogen). B — Northern blot analysis of the alternative oxidase gene expression in
young and senescent cultures of saprotrophic mycelia of M. perniciosa. Upper panel shows the
30S and 18S ribosomal bands of the total RNA (10 pg) of each condition. Lower panel shows the
northern blot hybridization with a *P-labelled probe corresponding to the complete cDNA
coding for AOX of M. perniciosa. 1= total RNA from young saprotrophic mycelia (<10
suculturings); 2= total RNA from senescent saprotrophic mycelia (>10 subculturings).

Figure 5 — Unrooted tree of the genes encoding polymerases from mitochondrial plasmids
including all kalilo-like plasmids published to date obtained by Minimum Evolution (5000
bootstrap resamplings). Numbers next to each internal branch are bootstraps values. The double

lined branch indicates a major separation into two groups. Basidiomycetes are underlined.
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Table 1 — M. perniciosa isolates used in this study, organized by biotypes (Biot), municipality of

collection and institution responsible for this collection (Repository).

Isolate Biot |Local of collection Repository
CP02 C Itabuna, BA, Brazil UESC!
CP0O9 C IIhéus, BA, Brazil CEPLAC®
Belmonte C Belmonte, BA, Brazil UFB®
IIhéus C IIhéus, BA, Brazil UFB
Santo Amaro C Santo Amaro, BA, Brazil UFB
FA42, FA276, FA277, FAZ27S,

FA562, FA563 C  |Itabuna BA, Brazil FAC’
FA281 C Aiquara, BA, Brazil FAC
FA287 C Inema, BA, Brazil FAC
FA293 C Gandu, BA, Brazil FAC
FA300 C Ibirataia, BA, Brazil FAC
FA311 C Itagiba, BA, Brazil FAC
FA317 C Ilhéus, BA, Brazil FAC
BP10 C Itapebi, BA, Brazil FAC
FA551 C Tabatinga, AM, Brazil FAC
ESJOH-1 C Marituba, PA, Brazil ESALQ’
ESJOH-2 C Ouro Preto, RO, Brazil ESALQ
ESJOH-3 C Belém, PA, Brazil ESALQ
ESJOH-4 C Altamira, PA, Brazil ESALQ
ESJOH-5 C Medicilandia, PA, Brazil ESALQ
ESJOH-6 C Ariquemes, RO, Brazil ESALQ
ESJOH-7 C Manaus, AM, Brazil ESALQ
ESJOH-8 C Ji-Parana, RO, Brazil ESALQ
ESJOH-9 C Alta Floresta, MT, Brazil ESALQ
SCFT L San Carlos, Napo Prov,|UW°
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Equador

San Carlos,,Napo Prov,
FA322 L Equador FAC
LEP1, LA10, LA17,LC3,LC11 |L Pichilingue, Equador uw

San Carlos, Napo Prov,
SCL4, SCFT48 L Equador uw

(1) UESC (Universidade Estadual de Santa Cruz) in Ilhéus, Bahia-Brazil, collected by Jalio Cascardo; (2) CEPLAC
(Comissé@o Executiva do Plano de Lavoura do Cacau) in Ilhéus, Bahia-Brazil, collected by Karina Gramacho; (3)
UFB (Universidade Federal de Brasilia) in Brasilia-Brazil, collected by Maricilia Arruda; (4) FAC (Fazenda
Almirante Cacau) in Ilhéus, Bahia-Brazil, collected by Alan Pomella; (5) ESALQ - CENA (Centro de Energia
Nuclear na Agricultura, in Escola Superior de Agricultura “Luiz de Queiroz”) in Piracicaba, S&o Paulo-Brazil,
collected by Paulo Albuguerque (ERJOH — CEPLAC); (6) UW (University of Wales), in Aberystwyth-U.K.,
collected by Gareth Griffith. Isolates FA 104, FA 607, FA 608 and FA 609 were kindly provided by Dr. Robert
Weigart Barreto (Universidade Federal de Vicosa).
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Table 2 — List of PCR primers used in this work. Or.: Orientation of the extension by that
primer;. >> and << indicate the primers on the 5’ and 3’ sides, respectively. Init. pos and Final
pos are for the mtDNA location (bp) where sequence is homologous to the 5” and 3’ primers,
respectively. Base count is according to Figure 2. URA3F and R primers are from M. perniciosa

genome.

Primer Sequence Or |Init. posFinal
pos

P1 GCAGGGAAGGGATATATAGG p>| 73,212 73,231
P2 TTTGAGAGAGCATCAAATCC << | 73,755 73,736
P3 TTTTGAGAGAGCATCAAATCC > | 84,485 84,505
P4 AAAGAACTGAAATCCGAGG << | 85,184 85,166
P5 CATTTGTAAAGGAAAAGATGG P> 79,490 79,510
P6 TTCTTCTTTCTTCGCAGC <<| 80,432 80,415
P7 GAAGAAGCTGCTGGATCAGG p>| 76,645 76,664
P8 GCTCCATTTTGTCAACAAGC << | 77,446 77,427
P9 AAAAGCGAAGTTAAGCAAGAGGP>> | 83,266, 83,287
P10 [TGGGGAGACTATGGAAATGC [k<| 84,098 84,079
A GACCCTATGCAGCTTCTACTG p>| 3,062 3,082
B TTATCCCTAGCGTAACTTTTATT <| 4,033 4,013
URA3FACCACAAATGCCTTCACCTC

URA3SRGGGTCCTTTCCGTATATTCCTC
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Figure 2
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Figure 3
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Figure 4
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4. CAPITULO 3

Gene Projects: a Web application for ongoing annotation in EST and Shotgun genome

projects
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Obs.: Detalhes sobre o programa e o sistema de anotacéo nos anexos C, D e E.
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Abstract

Genome projects, both DNA and ESTs, generate a great amount of information. It demands time
and a well-structured bioinformatics laboratory to manage these data. These genome projects use
information available in heterogeneous formats from different sources. The amount and
heterogeneity of this information, as well as the absence of a world consensus pattern, make the
integration of these data a difficult task. At the same time, sub-tasks of these projects are very
complex, such as microarray analyses. It creates a demand, easily verified in real projects, for the
development of creative solutions for ongoing annotation, thematic projects, and microarrays
experiments, among others. This paper presents Gene Projects, a well-tested system developed to
integrate all these kinds of solutions.
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1. Introduction

Large-scale sequencing projects often target either genomic or cDNA sequences. For genomic
sequences, the most used sequencing strategy is the Whole Genome Shotgun - WGS (Venter et
al., 1998), where the DNA is broken into fragments that are sequenced randomly. The goal is to
assemble these fragments to reconstitute the whole genome sequence or, at least, to obtain an
ordered list of large genomic regions with interleaved gaps. In the latter case, we say that it is a
draft genome. On the other hand, cDNA sequencing projects aim to look directly at the genes
expressed in different conditions. The cDNA is synthesized using the cellular mRNA as template,
thus it samples the pool of active genes in a specific cell condition. The fragments of sequenced
cDNA are called ESTs (Expressed Sequence Tags), thus, cDNA sequencing projects are often
called EST genome projects. The ESTs are often assembled to improve the length and the quality
of the ESTs, to obtain the current set of full sequence of cDNAs and to identify expression
patterns in different studied conditions.

Genome projects produce a great amount of reads, which are chromatograms representing
sequence fragments. This sequencing stage usually lasts for many months. On the other hand, the
available tools for retrieving information from these incoming data demand bioinformatics
expertise and many computational resources. For this reason, the end user typically has access to
this information only after that great part, if not all, of the sequencing had been made. Besides

this, small projects almost never can have an own bioinformatics infrastructure.

At the same time, there are different kinds of information related with genome projects that can
be produced and utilized during the process of assembly and annotation of the genome. For
example, there is a strong relationship between a genome project and the choice of clones to be
analyzed in microarrays, as well as the inverse pathway, that is, the selection of sequencing
clones from microarrays analyses. To favor this kind of interaction, it is necessary an efficacious
search mechanism and a robust analysis mechanism, both able to deal with thousands of clones
and to minimize the possibility of human errors. In the other extremity of this process, the
annotation of genes and other complex activities need the interaction among several kinds of

heterogeneous data, databases and tools. It also needs a special care with the inexistence of a
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world consensus for the used nomenclature and the absence of guarantee that all data already

annotated are right.

A way to minimize these potential errors is the work of specialists in the different areas involved
in the annotation process of each structure. Here, there is another difficulty because these

specialists are spread around the world.

In this context of increasing needs for sophisticated data analysis and user helpful interfaces in
the genome projects actually carried out in our laboratory, we developed a system called Gene
Projects (GP). The GP system can manage small and great genome projects (both, DNA and EST
projects) and it allows that annotation occurs in parallel with the sequencing, without the
necessity of computer specialists. It is also able to separate analyses by theme, through what we
called “projects”. Besides that, it provides interaction among several tools and techniques,
facilitates search and annotation of genes, allows access from researchers via Web and can be

used by researchers that do not have specialized knowledge in computation or bioinformatics.

2. Projects and Ongoing annotation

The system is called Gene Projects due to the importance of what we called thematic projects (or
short, projects). Each user of the system has a specific login and password. With this login he/she
can create and manage his/her projects, a flexible and powerful way to make data mining. A
project is a structure inside the system where researchers can develop and organize their thematic
studies. The user can add reads through several search mechanisms such as BLAST (Altschul et
al., 1997) results, read names, keywords, etc. Once the reads are chosen, the user can assemble
them, view and edit the assembly results, improve the quality of the contig and enlarge the contig
(Saturation Blast), find ORFs, select sub-sequences of a contig (seeds) to future annotation,
manage the mapping among the plates of 96 wells used in the sequencing to or from plates of 384
wells used in microarrays experiments, among others. Through these projects it is possible to
find, select and send to the annotation, genes of interest for studying genome such as infection
related genes or genes that belong to metabolic pathways, for example. One of the advantages of
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our system is that all these things can be done during the sequencing stage through the gene

annotation interface.

3. System description and architecture

Gene Projects is written in perl (http://www.perl.org) and uses standard, open source modules
such as CGl.pm (http://stein.cshl.org/WWW/software/CGl), GD.pm
(http://www.boutell.com/gd/) and DBIl.pm (http://dbi.perl.org/). The system needs Linux

operating system with Web server (i.e. Apache - www.apache.org) and MySQL server

(www.mysqgl.com) installed. As default, Gene Projects needs some programs, databases and

directory structure for its execution. Table 1 shows the main required programs.

Figure 1 shows the main characteristics of the system, including services that are being developed
and soon will be integrated in Gene Projects. The Web interface allows users spread around the
world to access our system. The operations carried out by the users are processed locally in the

processing module.

GP has three main integrated functionalities: data mining, annotation and microarrays
management. Data mining and annotation are strongly related. Data mining process helps the
scientists to analyze great amount of data and thus facilitates the annotation. In the other hand,
annotation process (identification and classification of genes) can identify terms to be mining,
such as, genes of one specific metabolic pathway.

Microarrays can be built with already known cDNA (cDNA chip) or with random ESTs (blind
chip). Gene Projects facilitates the selection of cDNA of interest for the confection of cDNA
chips (through data mining and annotation). The selection of ESTs of blind chips is facilitated to
the automatic identification of ESTs with a given characteristic of interest, for example, ESTs
that presented the same expression pattern. In other words, blind chips can indicate themes for

metabolic studies, which can become new projects in Gene Projects.



71

Search tool is one of the most important activities in systems that manage genome projects. Gene
Projects has a graphical tool for “Advanced Search” that allows boolean queries, allowing the
easy use of queries over the main fields in the databases. Another important functionality of the
system is the set of tools that allows the assembly of a set of reads of each project and the
visualization of the results. This process typically needs expertise of the end user, but it is very

simple using the Gene Projects Web interface.

The main advantage of this architecture is that our servers do the great amount of processing,
which makes unnecessary for external users to have high performance computers with great
amount of memory to perform the kind of operation offered by our system. The system
components that demand more CPU time are executed as child processes, running independently
from the rest of the system, so, the user can disconnect and, when he reconnects the results can be
ready. When there are several processes requisitions to be executed at the same time, they are
stored and executed using a queue schema. The results are stored in our database and can be

queried at any time.

4. Technological advantages
Our approach is based in perl scripts available via CGI technology. There are some advantages of
this approach:

v" Scalability: due to the fact that the internal computational infrastructure of our laboratory
is hidden by the Web interface, we have freedom to enact our processing capabilities
without changing any user interface, for example, using a distribute infrastructure, such as
a computational Grid, to execute the main processes.

v"Auvailability: all services are available in the Internet and the user needs only a browser to
make searches and edit data;

v' Automatic Updates: each time that a user access a GP Web interface he/she sees the last
version of the system interface and any updates in internal softwares are transparent to the
user;

v' Updated data: whenever an user updates some information, this information is

automatically updated in all system and available to the others users;
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v' Security: there are some levels of user authentication that determine which kind of

information each user can read and/or edit.

5. Practical results

Gene Projects was originally developed to manage data from the Crinipellis perniciosa fungus

genome (www.lge.ibi.unicamp.br/vassoura) and it has been used in several projects, such as:

Coffee genome project (www.lge.ibi.unicamp.br/cafe), Citrus

(http://biotecnologia.centrodecitricultura.br) and Eucalyptus genome project

(www.lge.ibi.unicamp.br/eucalyptus). More projects and details can be obtained at

www.lge.ibi.unicamp.br.

The system was developed to allow users, typically biologists, to make specific searches in the
set of sequenced reads. These reads can be filtered for some criteria, such as quality of sequences,
percentage of vectors (contaminants), among others. The filtered reads can be processed by
several bioinformatics programs and can be compared against a lot of biological databases. All

these results are organized and stored inside the projects.

Figure 2 shows some Gene Projects Web interfaces. The Figure 2-A shows the mechanism that
users can select and add reads into projects. This search mechanism is composed for:
v Reads name search: It is useful to analyze specific reads or all reads from one plate (for
example, to see the quality of the sequenced plate);
v" Keyword search: It is useful for thematic searches (for example, to find reads related with
the product of a given gene);
v Blast search: It is useful for searches based on similarity of sequences (for example, to
find reads which sequence is similar to the sequence of a given gene);
v’ Pattern search: It is useful for searches by domain or repeats regions (for example, to find

microsatellites, protein domains or transcription factors).
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5.1 Assembly

The reads of a given project can be clustered and assembled. CAP3 is used for ESTs projects and

phrap for Shotgun projects. The available results of this assembly, showed in the Figure 2-B, are:
v' Assembled fasta sequence;

Assembled visualization;

Blast results of the assembled sequences against the gene banks NR or NT;

Search for ORFs inside the sequences;

Assembled sequence reverse complement;

NN NN

Reads that belong to the cluster.

The interest cluster can be submitted to the automatic annotation process, in which the cluster is

compared with several databases like GO (http://www.geneontology.org) and NR

(http://www.ncbi.nlm.nih.gov/blast/producttable.shtml) and this information is available in the

interface showed in the Figure 2-C (annotation interface).

5.2 Saturation Blast

In the typical data mining process, it is common to have keywords searches and searches based
on Blast results. These are useful searches, but they cannot find every related read. To improve
the quality and increase the number of reads of a given cluster (increasing the size of the cluster)
it is necessary to add the right reads to the project. To facilitate this process, we developed a Blast
saturation mechanism. This mechanism starts from the original cluster sequence and realizes
successive comparisons with the bank of reads, adding the most similar reads and redoing the
assembly until to achieve some stop parameter. Typically this saturation runs until the cluster
achieves a given length (var2) or when, in a given iteration, there are no more reads with at least

a minimum similarity level (varl) to be added to the cluster (see Figure 3).

This tool allows that, independently from the bioinformatics knowledge from the end user, he/she
can works with his/her project with the best assembly (following some criteria) using every read

sequenced until that moment.
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5.3 Annotation

There are three classes of user that interact with GP manual annotation interface in a genome
project. The first is the annotator, which is the actor that fills in information about the clusters.
The selector selects interesting clusters for his annotators group and reviews the annotation. The
last, the curator, is a special kind of user that has the ability to review information filled in by all
annotators from all groups. All these classes have tools to register and manage logins and

passwords. In the case of personal projects, the owner can chose and change his/her kind of user.

The annotation interface is constituted by eight main sections and has many facilities to save
annotator's time and labor. Next, we list the sections; provided facilities and expected user
interaction.

v" Classification: here the annotator can view/edit GO terms for the cluster. There is also a
direct link from the selected term to Amigo DAG Viewer. A second classification system,
defined by the coordinators of the project usually is inserted here to.

v Identification: in this section, the annotator enters information about the product,
phenotype, domain, homologous organism, gene symbol, Enzyme Commission number
and Transport Commission number.

v" Visualization: the annotator can view the sequence of the cluster and its reverse
complement, the reads that constitute the cluster as well as the assembly of the cluster and
its translated sequence in the six frames.

v’ Flags: here the annotator set flags to the cluster. There are flags to indicate:

o0 Whether the cluster contains the complete coding sequence of a known gene;

0 Whether the clone(s) of cluster contains the complete coding sequence of a
known gene;

0 Whether the cluster contains an intron sequence;

0 Whether the cluster has central role for project's goals;

o0 Whether the cluster has assembling problems such as a frame shift or a significant
repeated region, for instance;

0 Whether the cluster is a contaminant.

v Pre-processed Blast alignments: here the annotator can view summary data about the
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alignments to some databases. Optionally the annotator can visually inspect the
alignments by clicking in a link. The list of databases is fully customizable by the
project's bioinformatics team in accord to the specific project's requirements.

v' Easy searches: in this section there are links to a set of web Blast interfaces. These Blast
searches, unlike the former ones, are dynamically processed. The web Blast interfaces are
loaded with custom parameters and the query sequence input field already filled in. There
is also an interface to keyword searches in some biological databases. Bioinformatics
team customized the list of sites available for both keyword searches and Blast searches.

v Notepad: in the notepad section there are two input text fields. In the first, the cluster
owner can enter personal notes and relevant information about the cluster that was not
inputted above. Any annotator can edit the second, called guest notepad,, even if he is not
the cluster owner, and it must contain information to help the cluster owner to annotate it.

v Control: In this region, the annotator can signalize a finished annotation, save the updates
and view the annotation historic of cluster. The historic contains all edit operations made
in this cluster, including user that made the changes, date and time. The historic has such
a level of detail that it can be used to reconstruct the annotation database. The annotator
can also reserve the cluster for functional analysis. The system offers an additional
functionality to the selector: he can return a cluster that he has selected for his group. For
the curator there is a check box that he may use to indicate whether the cluster annotation

was reviewed or not.

5.4 Microarray analyses

There is another kind of analysis that can be done with Gene Projects, the microarray analyses,
before and/or after microarray experiments. The microarray experiment is divided in two steps:
pre-processing and pos-processing. In the pre-processing stage it is necessary to map the clones
from plates of 96 wells to plates of 384 wells and, finally, to spot it in the lamina. After this, the
microarray starts. The experiment owner defines the criteria of mapping into plates of 96 wells.
The mapping from plates of 96 wells to plates of 384 wells follows a rule given by the multi-
channel pipette. The experiment owner defines the “spotting” step, but the robot (Flexys —

Genomic Solutions — www.flexys.com) generates a file with this information.
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In the pos-processing step it is necessary to process the color intensity result of each spot,
following these stages: statistical significance normalization (Yang et al, 2002), validation of the
colors intensity and gene clustering by expression class (Aittokallio, 2003).

Gene Projects executes these three stages in the pre-processing step:

v’ Plates of 96 wells: the arrangement is automatic, the sort criteria is read name alphabetic
order. If the user wants, he can make a manual rearrangement;

v’ Plates of 384 wells: this stage is automatic following the logic given by the mechanic
process.

v/ Lamina spotting: the Gene Projects is able to read the robot result file, therefore it
generates automatically the rearrangements in the respective grids and spots. Actually,
this stage is automatic only when using Flexys — Genomic Solutions robots.

All these stages are registered in the GP interface and there are links to BlastX results. This

integration is fundamental to correct interpretation of experimental results.

6. Correlated works

In literature is possible to find many similar programs to Gene Projects, in special after 2002.
But, these programs are specific for some situations, for example only microarray analyses or
annotation. Because of this, we are showing in table 2 the comparison between GP and some
similar programs in function of their characteristics. In this table is possible to see that many
programs have a possibility to manage genome projects, but only in large scale. Therefore it is

not possible to work in small projects especially during the sequencing stage.

7. Conclusions

Currently, all kinds of information systems must have an especial concern about user-connected
issues, such as usability and interface. Systems that deal with genomic projects, by working with
large volumes of data, must have an additional concern on the data presentation to users, through
graphic visualizations, data summaries and connection among data from heterogeneous sources.
Another important characteristic on the genome projects is that the data generation through

sequencing is time consuming. Therefore, the systems must make available the already generated
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information before the end of the process of sequencing (to allow what we call “ongoing

annotation”).

As showed, Gene Projects is a system, available via Web, which has all these concerns. It has
been used in real genome projects and has been produced satisfactory results, by integrating, in a

transparent way, heterogeneous data and tolls, by extending the functionalities of another system.

Future work
As future work we will improve some GP functionalities. We will take a special care with
microarray pos processing, like normalization, statistic significance tests and clustering methods

for the identification of expression patterns.
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Tables

Table 1 - List of programs required to Gene Projects execution.
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Program

Description

Reference/URL

Phred

Base calling and generation of quality values

from chromatograms

(Ewing et al., 1998)

Cross_match

Vector screening and generation of FASTA

sequences files with masked vector sequences

http://www.phrap.org

Phrap Clustering and assembling program for | http://www.phrap.org
shotgun sequences
CAP3 Clustering and assembling program for ESTs | (Huang et all, 1999)
sequences
Local Blast | Sequence alignment (Altschul et al., 1997)
Fuzznuc Pattern search Emboss package (http://

emboss.sourceforge.net)
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Table 2 — Some surveyed systems and their characteristics.

Characteristics S
L —
Q | 2 ~ 2

- L o |o ¥

Q o - [ o < 9

$1%16%/8|2|8 ¢

F |l |2 |k | €|k |k~ |Cc¢

n | n | Wion S | N | W )

W lw| o | W|a|w| w|o
i. Web interface X | X X | X | X | X | X
Ii. Managing ESTs genome projects X | X X | X | X | X | X
Iii. Managing Shotgun genome projects X X
iv. Processing of chromatograms files X [ X | X [ X | X X [ X
v. Trimming and filtering sequences X | X X | X X | X
vi. Reads annotation X | X X | X X | X
vii. Clustering and assembly X | X | X | X X
viii. Clusters annotation X | X | X | X X
ix. Search tools in annotations data X [ X | X X [ X | X [X
X. Microarray analysis X
xi. Thematic projects environment X X
xii. Working in genome projects in| X | X |X X
progress (sequencing stage)
xiii. Data access control (username and X X
password)

Table references: * Paquola et al. 2003; “Mao et al., 2003; °Berezikov et al., 2002; “Hotz-
Wagenblatt et al., 2003; *Parkinson et al., 2004; *Kumar et al., 2004; ‘Matukumalli et al., 2004.
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Figure 1 — The Gene Projects architecture. The box on the lower-right corner shows
functionalities and features that are being developed and will be soon integrated to Gene Projects.

The box on the lower left corner brings a general view on the Gene Projects features.
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Figure 2 — Flowchart describing the Saturation Blast algorithm.
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CONCLUSOES

O genoma mitocondrial de Moniliophthora perniciosa é o maior seqiienciado até o momento
e o0 primeiro em que se encontrou um plasmideo kalilo-like integrado completamente,
contendo dois genes que codificam polimerases (rpo e dpoB) e ainda ORFs hipotéticos. A
integracdo desta estrutura foi confirmada em todas as variedades testadas do bidtipo C. A
funcdo desta estrutura, sua presenca e caracterizagdo em outros biétipos e o motivo de sua

integracdo sao alvos importantes para estudos futuros.

O genoma mitocondrial (MtDNA) de M. perniciosa apresenta todos os genes normalmente
encontrados em mtDNAs de fungos, tRNAs para todos os aminoacidos e ORFs que
apresentam semelhancas com genes tipicos, indicando a possibilidade de que codifiqguem
proteinas ainda desconhecidas. A maioria dos genes encontra-se em sentido horario. Estudos
funcionais destes ORFs podem levar ao descobrimento de mecanismos especificos do fungo.

Né&o foi detectada sintenia entre 0 mtDNA de M. perniciosa e outros genomas mitocondriais
de organismos proximos. Ao contrario de outros organismos, 0 mtDNA de M. perniciosa
apresenta poucos introns e um grande espago entre 0s genes tipicos, que contém diversos
ORFs hipotéticos que podem vir a ser caracterizados como novos genes. Foi utilizada uma
andlise estatistica (analise de componentes principais) ndo descrita anteriormente para a
analise de uso de codon, que se mostrou muito interessante para apresentar de forma completa
a comparacdo entre 0 uso de cddon dos diferentes ORFs do genoma. Futuramente pode-se
buscar descobrir o motivo do tamanho incomum deste mtDNA, o que levou a isto e que

vantagens advém deste material génico adicional.

O fungo M. perniciosa é o primeiro basidiomiceto a ter o fendbmeno de senescéncia descrito,
durante a qual a quantidade de DNA mitocondrial é significativamente reduzida. Esta
descoberta indica que pode haver uma subdivisdo na atual descricdo do ciclo de vida do
fungo, que inclui quatro fases: esporos; micélio biotréfico; micélio saprotréfico/necrotrofico;
e corpo de frutificacdo. O micélio saprotrofico, na verdade, apresenta duas fases distintas em
relacdo a respiracdo e producdo de energia. Embora plasmideos kalilo tenham sido

relacionados a senescéncia, ndo ha indicios de que o plasmideo inserido no genoma
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mitocondrial da M. perniciosa tenha relacdo com este processo. O entendimento do
mecanismo de senescéncia € um dos pontos chave na compreensdo da interacdo planta-

patdgeno, podendo facilitar o combate a doenca.

A principal caracteristica e vantagem do Gene Projects é a analise imediata da informacéo
sequenciada, mesmo no inicio do processo de seqiienciamento. O sistema foi e é utilizado e
testado em diferentes projetos, permitindo o direcionamento de trabalhos funcionais desde o
inicio do processo de sequenciamento. Como exemplo, no Projeto Vassoura de Bruxa
diversos genes encontrados através do Gene Projects e analisados pelo sistema de anotacédo
foram o inicio de analises funcionais, como oxidase alternativa (cuja expressdo aumenta
como resposta a problemas na cadeira respiratéria classica) e proteinas relacionadas a
necrose. Novas funcdes podem ser implementadas para que as buscas sejam cada vez mais

completas e rapidas.

Os sistemas de mineracdo e anotacdo podem ser aplicados a projetos de seqlienciamento de
genoma ou ESTSs, de pequenas pesquisas a grandes redes, com aceso seguro e facilitado via
web, permite de forma facil a realizacdo de operacGes que exigem normalmente
conhecimento especifico de bioinformatica, e tém como principais caracteristicas a
possibilidade de mineracdo e anotacdo durante o seqiilenciamento associada a uma interface
de anotacdo desenhada para otimizar a anotacdo. As proximas fases de trabalho incluem a
criacdo de uma interface de cura e padronizacdo das anotages, a integracdo de um sistema de
anotacdo metabdlica, melhorias na analise de microarrays e na navegabilidade do sistema.
Melhorias também podem ser realizadas para completar o processo de adaptagdo automatica

para novos projetos genoma, visando a automacdo total do processo via interface web.

Existe um esforco integrado no Projeto Vassoura de Bruxa buscando a compreensao do fungo
e da doenca, para encontrar solu¢des que permitam a volta da maior viabilidade da producao
de cacau. A integracdo das analises bioinformaticas com as pesquisas funcionais do projeto
vassoura de bruxa ¢ um bom exemplo a ser aplicado em outros projetos genoma. Deseja-se
que as ferramentas desenvolvidas continuem sendo utilizadas nos projetos atuais e em outros
futuros para direcionar pesquisas funcionais, sem as quais a informacédo sobre 0 metabolismo

virtual obtido com o seqiienciamento de genomas ndo passa de inferéncia.
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7. ANEXOS

7.1. ANEXO A. Artigo “Brazilian coffee genome project: an EST-based genomic

resource”
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130,792, 12,381 and 10,566 sequences for each species, respectively. The EST: clustered mto 17,982 clusters and 32155
singletons. Blast analys:s of theze saquences revealed that 22 % had no significant matehes to sequences in the Mational Center
for Biotechnelogy Information database (of known or mknown fimetion). The generated coffee EST database resulted m the
wdentificahion of close to 33 000 different umigenss. Anmotated sequencing results have been stored 1 an online datzbase athep:
{wwrwlge ths unicamp bricafe. Resources developed i this project provide genetic and penonuc tools that may hold the kay to
the mstamability, compettiveness and Sthws vizbility of the coffee industry in local and intemational markets.

Key words: Cgffea, cDNA, EST, tansenptoms.

Projeto Genoma Brasileiro Café: recurses genomicos baseados em ESTs: O cafe € um dos principais produtos agricolas,
sendo considerado o segundo item em 1mportanciz do comércie mtenacional de “commodities” O género Cgffea pertenca
3 fomiliz Rubiaceae que também mehy outras plantas importantes. Este género contém aproximadamente 100 espacies,
mas 2 produgdo comercial & baseads soments em duzs especies, Cgfea arabica e Cgffeq canephora, que represzentam
aproximadamente 70 % e 30 %% do meveado total de café, respectivamente. O Projeto Genoma Café Brasilewo foi desenvolvido
com o objetrve de dispomitbizar o modenos recursos da genomuca a conmmidade cientifica e acs diferentes segmenios da
cadea produtiva do café. Para 1550, foram seqiienciados 214.964 clones escolhidos aleatoriamente de 37 abliotecas de cDINA
de O arabica, C. canephora e O racemora representando estadios espectficos do desenvolvimento de celulas e de tecidos do
cafeenro, resultando emy 130,792, 12,381 e 10.566 seqiéncias de cada espécie, respectivamente, apds processo de trimagem.
O35 ESTs foram agripados em 17982 contizs e em 32,155 singletons. A comparacio destas sequencias pelo programa BLAST
revelou que 22 % ndo tiveram nephuma similandade sigmificativa & seqiiéncias no banco de dades do Matiomal Center
for Bioteclmology Information {de fingdo conhenids ou desconhecidz). A base de dados de EST: do cafeeno resultou na
identificacio de cerca de 33 000 wmpenes diferentes. Os resultades de anotagdo das segiiéneias foram armazenados embase de
dados “onlme™ em hitp:/ w1 i smecamp br/cafe. Os recurses desenvolinndes por este projeto disponibihizam femramentas
gensticas e gendomeas que podemmn ser decisivas para a sustentabilidade, a compettividade e a fshwa vabilidade da agromdnstra
cafesllz nos mercados Imtemo & exterms.

Palavras-chave: Coffen, cDINA EST, transenitoma

INTRODUCTION

Coffee 15 an mmpertant agneultmz] commedity produced
m more than 60 countries. Tt penerates a tumover of US510-
12 balhom per vear and 1znks second on mtemaztional trade
exchanges, representmz a =gmficant sowce of meoms
to several developmg commfries m Afnea, Asia and Latm
Amenica. Brazl, Viemam and Colombiz are responsible
for about 50 %% of the world-coffee production, and Brazl
alome responds for mere than one fhard of the global coffes
production and exports. Thes fact 12nks coffee amongst the
most important commoditias inthe Brazihan trade balance.

The gemms Coffea belongs to the Rublaceas fanuly, found
thronghout the tropaes, which meludes other impertant plants.
About 100 spectes of the gemms Cgffea have bean identified
50 far (Bridson amd Verdeowt, 1988), most of them trees and
shrubs growing at low albtudes m the topical ram forests
of Afnea and Asia (Sondabl et 2, 1992) Commercially,
production relies only on two species, Cgiffea arabica L and
Coffea canephora Piere ex Froehner, which represent about

Braz. T Plamt Physiol, [B(1):95-108, 2005

70 % and 30 % of the fotal coffee maket respectively. All
knowm species ave diplend (20=22 chromosomes) and obligata
outbreeders with selfmeompatibility systems, except for O
arabica which 15 allotetraploed (2n=tb—=44) and self-fartile at
appro;mately 90 % (Chamier and Berthaud, 1985).

C. arabica, providing Arabica coffes, was first descnibed
by Lomaeus m 1753 . The botamecal evidence mdicates that
the coffee plant C. arabica cngmated oo the plateaus of
centizl Ethiopea where 1t still grows wild The species O
arabica L. 15 endenic m Soutiverest Ethiopia and probablhy
ongmates from a relatrvely recent cros: between Coffea
eugencides and Caffea canephora (Lashermes of al., 1993)
a5 mdicated by chloveplast restiction Sagment langth
polvmorphosm (RFLP) analyses (Lashermes et al. 1996).
The muclear DA content of O arabica determined by flow
cytometry 1s 2 4 pg, or 2X=1138 Mb {Anmmzanathen et al.,
19913, C. arabica is the most cultivated species, occupying
75 % of the coffee plantations around the weorld The qualty
of the baverage is potentially excellent, baing knovwn in the
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trade as nuld coffee. Several cultivars have been described
for O arabica, but because of the narvow zenetic bazis of the
spacies, phenotype differences among the cultrvars are dus
mamly to single gene mutations.

The species . cangphora 15 the diploid speciss most
widely cultivated avoumd the world It 15 self-stenle and
cross-pollinated and consequently displays mouch more
variability than O arabica. C. camephora 1z better adapted
fo warm and lnrmd equatorial climates and 15 Sequently
culfivated i low to medmm albtedes. Eobusta coffes 15
grown m West and Centzl Afnea, throughout Scutheast
Asia and m Brazil, where 1t is also known as Conilon. The
quality of the baverage made from C. canephora is generally
regarded as mfenor to that made of O grabica. However,
C. comephera 1= mere resistant to adverse conditions than
Arabica, particularly to several diseases and pests. Another
dipload coffee species ongnating from Mozambique, C
racemoza, 15 charactenized as having low caffeine comtent,
high drought tolerance and resistance to leaf-nuner (Clarke
and Macrae, 1988). and has been used mn breeding programs
for introgression of important agronomic fraits to O arabica
(Guerreiro et al., 1991).

The cultivation of the Arsbica coffee began about five
lumdred vears ago m Temen and reached the southeast of Asia
approxmnztely m 1700, In the begiming of the 18% contny,
progemes of a single plant were taken from Indemesia to
Ewope and later to America (Chevaher and Dagrom, 1928
Carvalho, 1945). Ongimating from other miroduchons that
tock place fiom Yemen to Brazml seeds of two different
cultrvars, Typica and Bowbeon, constinute the main genstic
basis of all cultivated coffee planted 1 Brazil and other
countries (g et al., 193%; Carvalho et al., 1993).

Coffze has long been bred with the iew of mpreving
mmportant agronomic characteristies such as flowenng,
vield, bean zize, cup quality, caffeine content and dizease
and drought resistance. Despite solid effmts, the progress
m coffee breeding wsing conventional approaches has been
slow due to many factors such as the namow genetic basis
of cultivated coffes, the lack of zenetic markers and efficient
sereening tools, as well as the long time taken for generation
advancement.

The recent development of appled technologies in
biology 15 leadmg to an encrmous production of information
m the area of plant genomies, through the sequencing of
different orgamsms. Large-seale sequencing of cDNAs fo
produce Exprassed Sequence Tags (ESTs) and companng the
resultmg sequences with public datzbases has become the

methed of choice for the rapid and cost-effective generation
of data on the codmg capacity of gencmes and for the
potenhal identification of new genes. For the same rezson,
several sequencing projects of plant species, such as the Sugar
Cane EST Genome Project (SUCEST) accomplizshed b the
ONSA group (Organization for Mucleotide Sequencing and
Amalysis) (Aruda, 2001) have been canied out in Brazil.

Coffea genomes ave large in companizon with the cumrent
plant models, Arabidopsis and rice. While the coffze senoms
may probably have smulanties to gene mohfs abeady
dentzfied m small-genome plants, the larger genome sizs of
coffes makes it unlikely to anficipate a complate zenome-
sequencing effort of anv species of the genus Cgffen mn the
near future, daspite the recent increases in DNA-saquencing
capacity of modem equpment. Therefore, larze-scals
discovery, 1sclation and analysis of gene fimection m coffes
and :fs relatives mst rely on other, less direct methods. The
partial sequencing of anomymons DA clones (Expressed
sequence tags - ESTs) 15 a rapd and cost-affective methed for
generating data on the coding capacity of zencmes and, for dus
reason, has become the fastest srownng segment of the public
DINA databases (Wolfsberg and Landsman 1997). In plants,
the EST approach was imfally used for the model spacies
A. thaliona (Hofte et al, 1993} and nce (Yamamoto and
Sasak:, 1997}, Subsequently, a large vanety of EST sequencas
fom other species have been deposited mn the dbEST (hifp:
frarorwnckd nbm woh o' dbESTY). Recently, an EST datzbase
based on sequences from approsamately 47,000 cDNA clonas
and wnth a special focus on developme seads of O canephora
hzs alse been released (Chewrwei a1 2], 2005)

The Bizziban Coffee Genome Project was designed
to develop and deplov useful fools for zene discovery and
fmctronal genetic analysis in coffee and related specias
and to aid in the advance of knowladge on the strectme and
evolution of the coffee genome The gensrated coffee EST
database from C. arabica, C. cangphora and C. racemoza
resulted 1 the identification of meore than 30 theousand
different wmigenes and wnll facilitate genetic studies on
coffes This basic mformation provides a very valuabls
resowrce for stodies on the biology and physiology of coffes
plants that will considerably exhance the 1selztion and
characterization of muportant agroncnue genes for fenetie
miprovement of Coffea.

Project organization and goals

The Brazilian Coffee Genome Project was foomulated m
2002 taough a cooperative agresment signed between the
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Braz:lian Coffee Fesearch and Development Consortmm
(CBP&D-Café), a natiomal consortnma of 40 public
Unzversities and Blesearch Instifutes, the Brazihan Enterprise
for Azmeninurzl Eesearch (Emboapa), the 530 Paulo State
Fesearch Suppert Foundation (FAPESE) and the Pemanent
Fornum for Unversity-Company Relations (UNIEME). The
CBP&D was responsible for the central coordination of the
project, but all three mstritions suppeortmg tas wotative
also appomted one project coordinator each with managanal
responaibilities m the project amed at facilitatnz the
mamienance of the infomation How from the petwortk of
lzboratones mvalved m the Coffes Genoms Project.

The mmitial goal of thes project was the development of
a larpe datzbase of ESTs, with 2 mimiroum of 200,000 reads
and 2 Umgene saf composed of 23 000 genes. Azsuming that
the momber of gene motifs 15 smular amongz the angiosperm
genomes, this mumber would theoreticzlly represents about
2/3 of all the gene motifs prezent mn the coffes genomes.

The mfrasmuctare assembled for seguancing was already
established by the AEG (Agncultre and Emvdronment
(Genomes), a network of severzl laberatones located at
differant research mstitutions in S3c Paulo state, and fimded
by both FAPESP and Embizpas Fecurso: Gensticos e
Biotecnologia, Brasiliz. Laboratones from thess nwo groups
were also mesponsible for supervising and coordmatmg all
aspects of cDNA libiary constrection, such as cDINA size
selection, clonmg, clone-picking and clone bbiary storage,
sequancing and sequence submission to the bromformatices
center. Each group was assigned the clommgz and sequencing
of 100,000 reads.

The Laberatoro de Genommea & Expressdo (LGE) of the
Stata Unmversity at Campimas (http:/wrarw Ige 1t nmicamp, b
¥ was designated as the central bromformatics faclitv to
honse the Coffes Genome sequence datzbase and coordmate
all azpects related to sequence submussion, performance and
productivity of the sequencing sroups, data storaze, BLAST
analvsis and clustermgz. For safety reasons, a raplica of the
raw data was transfemmed to the Embrapa Recwrsos Genaticos
e Bioternoloma's biomformeaties group.

Total cost of the project and the commutted mstimnonal
efforts was shared ameong the CBPED-Cafe, EMBEAPA
znd FAPESF i the proportions of 50 %a, 25 % and 25 %5,
respeciivaly, The access of the database 15 free for s public
umversiies and research mstitutes linked to FAPESP and
for orgamzatons and research mstrites that are members
of the CBP&D-Cafe which m tum grant the opportuuty for
free access to mere than 700 scientists from 40 mstitutions
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that develop coffee ressarch m Brazil through collaboratve
parmerships. Data access restrictions are applied to any
other wser of the EST database, subgect to the zpproval
of the Coffee Genome Project Diectrve Commuttes. For
this pupose, specific conbactual conditions have been
establizhed regarding miellectual-proprety nghts derrved

from having access to this mformation.

cDNA libraries and sequencing

The Instimio Asrondmco de Campinas (TAC), which
possesses 2 sigmficant germplasm collection of Coffea spe-
cles, supplied the matenizl for the constrection of cDMNA
libraries covering a wide range of tissues, developmental
stages, and plant material submutted to biote and abiotic
strezs condifions. The ¢DINA libranes constucted by the
AFEG group used plant material from C. arabica ov. Mundo
Movo and ov. Camal, while those constueted at Embrapa
Becurzos Genaticos e Biotecnolozia were made from trssues
and crgans from C. arabica ev. Catuai (fable 13, Also, EST Li-
branes were made fom fissues of O cangphora and . race-
mosa lnes belongme to the Instituto Capaxaba de Pesqusa,
Assisténeia Téemiea e Extensio Faral (INCAPER) and TAC s
collection, respectively.

Total EXA was extracted from coffes tissues at dif-
forent developmental stages and alse submitted to diffar-
ent stress conditions. Poly(A)® ENA was pmified from
total ENA nsing the Ohgotex Kit {Chuagen}, followmeg the
mznafacturer’s directions. The mBENA puty and integrity
ware estimated by abserbance at 260280 nmn and agarose
gel electrophoresis, eDINA hbranes wers constructed us-
mg the SuperSenpt Plasmid Svstern and Plasmed Cloning
Eit (Imatrogen) with about 1-2 pe poly{A)t ENA. The
efficiency of cDNA synthesis was monitored with 1a-
dicactive nucleotides. cDINA were size fractiomated om a
Sepharose CL-2B coliem Aliquots of sach fraction wers
eletrophoresed mn agarose el to detenmine the size ranse
of cDNAs. Fractions contaming cDINA larger than 500 pb
were hgated mto pSPORT] and pSPORTS vectors (Tmvit-
rogen) at the Sall-Weorl sie. The resultmz plasmuds were
transformed m E coff DHLOB or DHS5a cells {Invitrogen)
by electroporation.

Plasyd DN A was purthed using a modified alkalme lysis
method [Sambrook et al., 198%). Sequencing reactions wers
conducted usmg the ABI BigDve Termmator Sequencing kit
[Apphizd Biosystems) cDINA mserfs were sequenced from
the 5" end with T7 prometer primer (3'-TAATACGACT-
CACTATAGEHS-3") or M13 Eev in the pSPORT] vector or
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with SPA primer {3°- ATTTAGETGACACTATAG-3") m the
pSPORTE. Sequencmg reaction products ware analyzed on
ARBT 3700 sequencars (Applied Biosysiems).

Picking of the clones and storage of stocks were camad
out at the Brzzihan Clone Collection Center (BCOCC) m
the case of hbranes constucted by the AFG group. For
the constuction of all hbranes, no procedure to ehimmate
differences m transcnpt representztion was adopted.

Sequencing of coffos EST libranies was camed out by 25
lzboratones located at Bezearch Institutes and Unsversities
belonging to the AEG system and at Embrapa Recwrsos
reneticos e Biotecnologiz with 96-lane sequencers (ABI
37000, wsmgz standard protocols. Raw sequences and base
confidence scores were obtamed fom clromatoziam files
using the program Phred (Bwing and Green, 1598; Ewing et
al., 1998). Sequences accepted m the project had more than
250 bases with Plired quahty = 20. The mumber of saquences
collectad for each hbrary was detemuined by monitormg the
redundancy level of produced sequences.

Table 1. Description of the coffee EST: libtares

Bisinformarics and databaze construction

In gzeneral, bioinformaties of EST projects meludes
such services zs the otgamization, storage, nitegration, and
analysis of biclogical mformation The cbjectives of the
Laboratonio de Gendnuca e Expressde (LGE) homformaties
group were (a) to provide appropriate database methods for
the data zenerated for the sequencing mroups m 53o Paule
and Brzsilia; (b) to provade adequate secunty measures to
ensure the mtegrity of the data; () to crganize and present
the data in such a way that authorized users can readily
extract mezningful mfommation from it and (d) to develop
user-Tendly mterfaces to access the core data,

The first blomfomiztics objectve of the Brazilian Caffes
(enome Project was to establizh the means by wluch the
vanons forms of the core data could be stored. The dmerse
sources of the sequences subnutted requoed personnel that
were knowladzezble in the nanme of the dafz, as well as
the collection, mamipalation, presentation and sharmg of the
bromfomuaties datz. There was also a nead for secunty of the

Library cods Tizsue Developmental staza Ihmoker of valid reads
ARI LPI Planflets and leaves freated with araguidenic soid 5664
BP1 Suspension cells mextad with scthanrolar-S-methy] 12379
CHI1 Suspension cells meated with acibenzolar-5-methy]l and brassimoestercads 10311
L2 Hypocotvls waated with acibenzolar-5-meduy] 11615
5l Suspension cells meared with }aCl 10803
EAL TA] IAZ Embryogenic calli 2101
EB1 Zyzodc embryo (innnstors fdes) 192
ECI Embrryogenic calli fom Coffea canephora 2050
EM]1, SI3 Germinatng szeds (whole seeds and zyzons embryos) 2201
FB1,FEL, FB4 Elower buds m differenr developmental stzzas 231034
FR1, FR2 Flower buds — pinhead foits - foits at differens stages 14770
FR4 Fruits (Cigffn racemaca) TaGT
2 Fruifts, stages 1.2 and 3 {Cofiter racamosa) 7103
CAL IC1, BCI 2lon embryogenic calli with and without 2.4 T 12135
V4 IVE Young leaves fiom orthotropic branch 15067
Lve, Lve Mamre lesves from plagiomopic branches 11854
M5l Foots mfected with nemstodes 560
Pal Promary emvbryagent call 2483
Bl Leaves infected with leaf miner and coffies leaf mst 3567
RT3 oot 560
ETS Faoots with acthenzolar-5-mietly] 2311
FEIE Suspension calls with sressed with almndmom e
BX1 Sraimns infected with Eielle 5op. 2563
5H1 Leaves from water defictt swesses planes {Coffen canephong) 7368
SH2 Water daficit stresses field plants (pool of dssues) G324
551 Well-wamered fizld plans (pool of dises) D60
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Figare 1. Flow of mformation and serices molved in bioinformatics of the Brazilian Coffes Genome Projact.

core data, which requuires restricted access and backup, and thers
was 2 need for users o be able to access the datz on demnand.
The second bicmnformeatics objective was related to
the handimz of core data to meet the nesds of wsers. For
this, a relational databasze was developed in order to record
and readily access the core formation. To keep costs to a
munimum in a centrabized databasing location winle makimg
the database amenzble to 2 broad zroup of users, a MySQL
database (http-/wurwmysql com”) was preferred for the re-
laniomzl datzbaze. EST assembly and the viewing of asssm-
lies, as well as consensus sequences were the pnime goals m
bioinformarics of the coffes genome project
Dalivery of the mformation produced by the Brazlian
Coffee Cenome Froject can be retnavad via the mmtemnet at
the project =site (hitps/wowlze bl nmeamp br/eafe’). The
advantage of web-based delivery 15 that anvone with an
mfemet commection can have access, but this advantage is
counterbalanced by the 132k of crashes of 2 aingle centralized
facthty and sometimes slow speed of Information access. For

Bz, 7. Plamt Phevsial., 18(1):55-108, 2004

these reasons, besides LGE, all the core sequence data is also
mamfamed at Embrapa Becwsos (eneticos 2 Biotecnolozia
bicinformatics  group  (hitps‘wwnwcenargen embrapa by
hiotec/ genomacafe’). Also, the posability of handhing the
data by two differant bioinformatics groups allows the de-
velopment of derrvatives of the core data (e.z., zene specific
oligomcleotides, protem sequences, promoters, gene ax-
prassion data efc) to mest the most Sequent needs of wsers
through databases that mav be customazed to take mto con-
stderaton the preferences of coffes mvestizators.

Database analyzis

For fimetional annotation of EST: and categorization of
contigs, the masked (http-/wanwplrap. com) and tnnomed
sequences (lellss and da Sihva, 2001) were comparad with
the protein sequences stored at WNCBI databaszes (Matiomal
Center for Bioteclmology Information), particularly to the
NE-(MNon-redundant) database (httpswawwe nebs nlm b zow
blasthtmlblastembelp. shtml#databases). Also, several off
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Figure 1. Crverview of the procedures for submission, processmgz and analys:s of the sequences subnutted by the ssquencmg

lzboratonas,

the shelf datzbasing and extraction tools were developed by
the LGE team to fulfill many of the mitial needs in coffee
genomucs. The procedures for subnutting, proceszing, storing
and anabvzing the data are summmarized m figure 2.

An overzll sequencing efficiency of 70 %% was obtained,
mehudmg fathures due to false-positive vector-only clones,
short-msert clones, low-intensity or no-labeling reads, low-
quality reads ete. The final results of the sequencmgz of EST
libraries done by 26 laboratories produced a tofal of 214,964
reads, distributed ameonz the three Cgffsa species selectad
m the progect. The quality of the submutted ssquences 15 an
important piece of information to validate a database. The
maortty of the EST: analyzed at end of the saquencing stage
of the Coffee Genome Project had lengths above 500 bp with

Phred quality >=20 (figure 3).

A: for any EST project, wnwanted sequences are
produced such zs nbosomal sequences, poly-A fagments,
low cuality and short sequences, and shippage that all
needed to be remove to avedd the mtreduction of wrelevant
mformation mte the EST database. The tmmuming was
camed out with reads from O arabica, . comephora and
C. racemosa that resulted m 130,792, 12 381 and 10566
sequences (respactrvely), with the mmmber of removed
sequences summanized in table 2 according to sach class,

Chistaring and zssembly of theze E5T: using the CAP3
program {Huang and Madan, 1999) was done separated by
species, resuling m 14,886 clusters and 24,426 singletons
from C. arabica, 2 147clusters and 4,622 smgletons for
C. canephora, ad 949 clusters and 3,107 singletons for
. racemeosa . Close to sixty percent of the 17,982 contigs
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and smgletons presented a size length between 700 and 900
bp (hzre 4). Thoe to the short-lensth atmbutes of part of
the EST: that had been produced, some smglets may have
failed to merze into contizs and, therefore, the totzl mumber
of “mupenes” might be overestimated Of the configs m
arabica, the majority (86.7 %5) was representad by two to ten
EST:. Drs to the small mumber of clones for O canephora
and C. racemesa that were produced, the percentage of
contigs with a higher mmmber of ESTs i that range was
supenor to . arabica (97.8 % and 97.5 %%, respectvely)
(hgure 5).

Regarding the eDMNA hbrares from C. arabica,
canegphora and C. racemoza, the sequences were analyzed
for ther sinulanty with known genes by BLASTX (Altschul
et al, 1990} against MR (hpare 6), considerms 107° for the
E-value as threshold for identitv. It 15 interestms to note that
thera iz 2 verv simular partition between known and unknowsn
sequences (Mo it WE) for the fuee species. Moreover,
among the sequences that generated lots, a sigmficant
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Figure 3. Distnbution of EST: according to thew lengih in
the different species. CA- O arabica; CC: C. canephora;
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Figure & Distobution of contizs accordms to the number of
EST per contiz for each Cgffea species. CA: O arabics,
CC: C camsphora; CR: C. racemesa

Table 2. Dustnbotion of the removed reads by the timemmg procedure from hbranes of O arabica, C. cangphora and C.

racemosa, accordmg to classes,

Diescripdon . arabica C. cenephora . racemaza
Fibosomal sequences 10E4 {0.56%) 42 (0.31%) 3 (D04%)

Short sequences 20844 (15.30%) 1655 (10.60%) 1003 (13.23%3)
Low quality 4798 (2.46%) 203 (1.30%) 274 (3.62%)
Slippaze 23013 (11.79%) 1109 (7.10%%0) 546 (7.20%)
Paly-4 4077 (2.00%%) 213 (1.36%) 200 (5,400
Polv-T 1500 {0.77%) 57 (0.37%) 14 {0.1E%)

Eraz. T Plamt Phovsial., 18(13:95-108, 2004
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on the three ontological prineiples of Molecular Punction,
Biclogical Process and Cellular Compenent and broad
categories developed for plant gene armotations by the Gene
Chtelogy (GO) Consertium (Sp://fip. gensontolozyvorg'zo/
GO shms?). C canephora and C. racemosa had the same
percantaze of luts by GO (Agpr= 7).

EST-based functional amalysis

Coffee bresdmz, wluch 13 camed out twough the
traditional methods of lnvbridization and selection of supertor
progenies, has achieved melative sucecess m satisfyme
the neads of the coffee mdustv Certamnly, the value of

MR - Coffea arabica
23%

40%

B Mo hit MR

conventional breeding should not be overlocked, but limked
efforts of both molecular techmomes and taditional bresdmz
can offer altematives for makmg selective breedms meore
predictable and precise, reducing the tme for obtaimmg
new genotypes. Nowadays, the comprehensive exammation
of an orgamsm that 15 aforded by Smetional genomics has
changed the way ope identfies genes and protemms with
potential rales m 2 parfienlar kiclogical process without any
a priori knowledze of ther Smction. As wath comventional
breeding, the mam oljective 1= to describe and exploit the
penetic diversify that 1s present in coffee species.

The access o coffes gense sequence mfmmration brings
new perspectives and zpproaches to camy out biclogical
resezrch  Genome related datzbases, as the ome made
available by the Bramlian Coffee Genome Project, have

become an mvaluzble asset for the scientifie commuuty to

m MR Full
O MR not Full
MR - Coffea canephora
15%
47%

| ko kit NE
m MR Full
O MR net Full

38

ME - Coffea racemosa

21%
53%

@ Mo ihit NR
| MR Full

OMR not Full

Fizure 6. Distnbution of the umzenss (confizs plus singletons)
according to therr comparisen against non-redundant
protem database (NE at NCBI) by BLASTY considering
athrezhold of 10+% E-value. Mo ket NE: no similar sequence
has been found in WE; WE Full - coffee sequence with a
signficantly similar sequence m MR and may encompass
the complate ORF.

C. arabica G0

a“

B GO m Mo hit GO

= canaphara GO

1%

OGO m Mo hit G

C. racemosa GO

B GO WMo hit GO |

Figure 7. Coffer “wmgenes” that had BLASTH matches m
Gane Ontology database (G0) with E-value of = 1. 0E*

Braz. J, Plaes Physiol., 18(1):95-108, 2006
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move onto the use of a number of these new technelogies.
Ulhmataly, through the use of the coffes EST dataset, genetic
markers czm be found for breading programs, coffes menes
can be cataloged in asseciztion with ther location on the
genome, the study of zene fimction and how zotity of the
gene products fits mto complex metabelic pathways can be
facilitated, and the regulation of the genes in response fo
different developmental and emvironmeental stimuli can be
examned holistically.

The evaluation of certamn characteristies of inferest in
coffee requires a great deal of tune becanse i can only be
cammead out on coffee trees after 10-15 vears. Partieularly,
m O grabica, the lumted genste diversity present among
elite cultivars planted all over the world s the consequence
of few mtroductions (Pearl et al, 2004) Tlis lack of
genatic varability in the geme pool of Arabica coffes
Imute the potential for germplasm mgprovement of this
species. Therefore, findmz pew waits that add value fo
agneultural crops and ther products has immense value in
the agnbusmess.

Dhe to the knowladge zathered on the coffes zenome,
these problems can be allewnated by searchmz for genetic
markers closaly linked to the candidate genes expressng
these charactenistics. The detection of such markers
permuts the screenmg of large numbers of coffee trees for
2 gene of mterest when the plants are still at earlv stages of
development and mav reduce the muober of backeresses
requirad to obtam quality tamts (Lashermes et al., 1997).
Also, marker-zssisted salection for mupertant bur complax
traits, which ave often difficult to select m routme breedng
prozeams, will enhance cofee reeding programs m terms of
better-focused problems and save time and resources.

Malecularmarkers allow fortheextension of comventional
breading methods with one mpeortant difference. that is
the tranzfer of genstic mfommation m a more precise and
contrelled manner. In coffee, melecular marker teckmology
has already been implemented in germplazm charactenzation
and management (Sera et al., 2003; Azz eral , 2005; Prakazh
et al., 2003; Maluf et al., 2003), datecting gene mtrogression
mn breeding populations (Prakash et al., 2002; Prakash et al
2004; Hemmera ot al.. 2004}, describing coffee phvlogeny with
related specias (Lasharmes of al. 1999; Anthomy et 2l 2002}
and m marker assisted breeding (Bertrand et al., 2001},

Ameong the melecular markers cumently availzble,
the 55Fs (Simple Sequence Repeats), or mucresatallite,
have been extensively used dus to thew resolution and
polbymorplism levels, These characteristics make these

Braz. T. Plant Plyvsiol., DB(17:05-108, 20045

molecular markers efficient tools for the zenetic mappme,
Imkagze studies, zanotype identfication and conservation of
germplasm. pedizves amalvses, maker assisted selection,
and analy=sis of DNA hbrartes for gene elomng (Bufmo et
al., 2003}, In coffer, the 55Fs markers are not broadly used
due to the loted mumcbers of prmers presenthy availabla
for this plant The availabelity of masswve amomts of
coffes mucleofide sequence data will ceramly offer an
altemative to 1dentify microsatallite motifs, which would
be much mere expensive through comventionzl laboratory
protocols. In the coffee EST data set, 3 mumber of 558 are
present i franscripts that can now be readily mapped using
existing breeding populations, and such studies are cuorently
nderway (Colombo and Canxeta, personal conmwameation).
Furthermore, specific genes of miersst can be studied for
vanation witin coffze spectes, allowing thewr assizmment to
coffes Imkage maps.

Coffee plivzical maps bidze zaps behween zenetic maps
and gene location. In this wav, the availabality of coffae BAC
Iibranies will make posaible the alignment of ply=ical and
genstic maps, bmzing alonz contnmsy from phenotips to
genotype (Wow et al., 2004; Laroy et al., 2005). Futhermore,
the combination of EST database and BAC liboaries may
help to 1selate genes ducngh positional clonng.

One of the major objectives of the Brazmilian Coffes
enome Froject was to provade a tool for creation of
transenptional profilas as thew appear m different tissues
and as they change m response to development (Gaspar-
Perzopane ot al, 2005; Geromel et al, 2005), biotic
(Brandalise et al., 2005} and abiotic stresses (Vimecky et al|
2005). To help accomplish these studies, it 15 necessary fo
have powerfil teclncloges available that allow the analy=is
of mBEMNA tanseription patterns of thousands of genes m a
smgle expariment (Kuhn, 2001}

(rene anmavs (Lockhart and Winmzeler, 2000 hybndized
with mENA populations from a vanaty of coffes tissues,
organs and developmental stages may provide a gencme-
wide databaze of the framseriptional changes dwing plant
growth that ultmately determmne resistance fo pests and
diseases. productrvity, and auality atimbutes of the coffes
trees and fouts. Using this sereening method, solutons
for specific azromerme constamts may be found not only
through new cultivar development bt also by changes m
crop management, havesting, and post-harvest practices.
For the constraction of ammays, a set of UNIGENE sequances
has to be availabls for use in the analysiz of tempeorzl or
spatial expression profiles. Becent work to devize 2 minineal
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clone set that represents all anscripts found m the Biamhan
Coffae Genome Project was camed cut by Sales et al. (2003
I thas effort, 2 smale relational datzbase contaming close to
33,000 putatve tansenpts was crgamzed, allowing s use in
diverse platforms and lanzuages.

Proteomics as used to identify protems in complex
puxtares 1s only effective when a sequanced and annotated
genome 1= avallable or Unigens sat become estzblizhed
(Founsley et al., 1996). Protecmics 15 complementary to the
EST: becausa it also focuses on gene products. Protecnuc
studies consist of profiling the protein expresziom levels
found in samples denved from different cultivars, fissue
types, culivation or post-hervest condiions m order o
understand which protems mav be responsible for a trait of
commercial sigmficance, such as pathogens (Andrade et al |
200357, stress tolerance (Vincent ot al., 2003) and food quality
(Hajduch ot al., 2005).

Proteomic characterizations of the coffee zenotvpes
may also be uzed to validate results denved from DINA
ammays and EST studies by venfving protein expression
and therebr penmt the subsequent coordmaton of gene
transcription with protein expression. Such results can be
uzad to establish baselme protem expression levels, and o
identify constitutrvely expressed proteins that wall be used
a5 standards for comparing results derived from different
cultivars or crop management conditions.

One of the effective ways to cany out studies on gene
function at the morphological, liochemical and plivsiclogical
level 15 to establish regulated expression systems of native
genas m plants. The clonmg of coffee regulatory saquences
opens up the posstbility of understanding the molecular
mechanizms that regulate cellular/developmental processes
and production of coffee metabolies at the hiechemical
and molecular levels, and provides the possiblity of usns
resulatory elements to manipulate expression of entire
metzbohe pathways.

At the moment, only a few resulatory sequences for
some coffes genes (Aldwinckle and Gamtan, 2002, 2004;
Mamaceim et al, 1999, 2003; Satvanaravana et al, 20035)
have been identified One of the meost effective ways w©
obtain clones for promoter analvsis of genes 15 fom large
meert genomie bbranes. The constrection of BAC hibrares
(Moar et al., 2004; Leroy et al, 2003) m additon to the
already available EST zequences may greatly speed up the
process of identification and 1solation of important genstic
contrel elements m coffee (promoters, enhancers, silencers
ete). A lughly efficient transformation system 1o coffee 15

an mmportant complementary techmology for evaluatmg
promoter funchion

Froduction of genetically modified plants 15 one of
the tachmgques that opens new parspectives to coffes un-
provement, allowing the fast incociporation of desirable

zoteristics mto alite culttvars. Despite the fact that the
disenssions on plant transformation are mamly centared on
the commercial applications, for the scientific conummety,
transgemte plants ave mportant tools to smady vanous aspects
of plant sciences (Perenz, 2000), The enommeons zmownts of
DNA sequence information avalable m the coffes EST data
set opens up new experimental oppertunities for functional
Fenorme analysis,

Although zenetic dansformation procedues for coffes
hawe been established (Hatamaka et al, 1999, Laroy et
al., 2000; Fibas et al, 2005}, the cwrent technelogy has
serions lmutations, melnding low efficiency and thronghpat,
wlzch is stll a key limitation for the widespread use of this
technology (see: Genetic Transfmmeation of Ceffee, Fibas
et al, m this issue). Successful genetic transformation of
coffes 15 still linmted fo characters controlled by major genes
and to transzemic plants that hase besn produced for insect
resiziance {Letoy ef al, 2000, low caffeme confent m seeds
(Ozita et al, 2003) and herbicide resistance (Fibas et al,
submmtted). Based om the evrrent public understanding of this
technology, characteristics with low vanability m the Coffea
gene pool or of zreat appeal to consumers, such 23 delaved
fnut penmez, resistance to pests and diseazes (e.z., coffes
borer, nematodes, coffes beny disease, leaf mast, Xidalla),
tolerance to zbiotic stess and enhanced health benefits such
as disease-fighting compowmds, ave the main candidares for

academic work in funure years.

CONCLUSION

The Brazilian Coffes Genome Project buefly prezented
here provides the genomuc tools requored for applied resezrch
to address the vanouws constamts assoctated with the
economue producton of the coffes mdusty, mamly regardmsz
the developmen: of new cultivars. When combined wath
progress made mn the development of in vine teclmologias
requred for penetic fransfomation, data made available by
the Coffee Genome Project may place the development of
coffes cultivars on the future research agenda through the use
of these new genetic technologies.

It 15 o behef that the Coffee EST datzbase wall not be
hmuted to cultivar development applications, but will make a
decisive conibution to ether apphied supplemantary apphea-

Braz J. Plant Physsal., 18(1):95-108, 2006
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fions such as wansoIptional profiling and proteomec analyses,
leadmg to a better undarstandimg of the wav plants cope with
brotic and abiotic stresses. Practical problems faced by the cof-
fee agnbusmess, represented by farmers, roasters, processors,
exporters and spemalty coffee associations, such as comtrol
of pre- and post-harvest physiclogical factors mveolved m
mqualty, disease and pests control, management of plant re-
sponsa to water daficit and elevated production costs can be
partally overcome by intemated efoats of senomuics research
and toeeding. Also, mprovenents through coffee gencmc re-
search may result m mnereased conmumpdion and better health
value of the beverage through new value-added products de-
wved from coffes (e g muhzcentcs, oils and Havors).

Fmally, wath the use of the coffee EST set 1f may be
pradicted that the mtegraton of gene discoverv, marker
development and sene deployment become routine practices
m Brazilian coffes research programs. Cenily, genome
ammetation 15 bemgz camed out by different mstitutions of
the CBP&D-Cafs to improve the mmformation m the database
of the Coffee Genome Project. Annotating EST records will
allor the coffes scientific commmmty fo use EST databazes
as am opporimuty for gene discovery. Further efforts by the
Coffes Genome Project bisinformatics groups mav melids
azsemnbly of ESTs to form Umzene sequences, complate gens
sequences, gens spectic oligomucleondes, alizment of gens
sequences with related senes from other crpanisms, prouping
of genes according to expression pattern and fimetion, zenetic
Inkage maps and physical maps.
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7.2. ANEXO B. Producéo didatica: 3 Quickguides para European Molecular Biology
network (EMBnet):

v A Quick Guide BLAST,;
v A Quick Guide Phrap;

v" A Quick Guide Phred.
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7.3. ANEXO C. Detalhes do sistema de anotacdo semi-automatica.

O sistema de bioinformatica para genomas do LGE inclui desde a submissdo de sequiéncias e
a realizacdo de diversas analises automaticas até o controle de produgdo dos diferentes
laboratorios de cada projeto, listas de discussdo, analises em grande escala e a integracdo com
analise de microarranjos (microarrays). A pagina de entrada do Projeto Vassoura de Bruxa é

mostrada na figura 1.

Cor CE PROJETO VASSOURA DE BRUXA &

Ao Gene Profects Integrantes Cacau Crinipellis perniciosa Links Suporte

UFBA

UCSAL

UNIVERSIDADE
CATOLICA DO

SALVADOR
£44

CENARGEMN EXPRESSAC

Um bom cominho. \g

Figura 1 — P4gina inicial do Projeto Vassoura de Bruxa.

Neste capitulo serd discutida uma parte deste trabalho, voltada a anotacdo de genes em
genomas sequenciados, drafts (ou rascunhos, sequenciamentos incompletos de genomas) ou
completos através do sistema de anotacdo do LGE. Detalhes do sistema de mineracdo e de

anotacdo podem ser encontrados nos anexos C e D.
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7.3.1. Analises iniciais

Durante o processo de submissdo sequéncias sao realizadas ou disparadas varias analises que
servirdo de base para os sistemas de mineracdo e anotacdo. Existem algumas diferencas de acordo
com o tipo de projeto (ESTs ou gendmico), mas de modo geral ocorrem 0s passos descritos

abaixo. O armazenamento de dados ocorre no decorrer das analises.

e Verificacdo de padrdo de nomenclatura e de existéncia de submissdo anterior da mesma

placa (ferramenta de edi¢do de nomenclatura na figura 2);
e Verificacdo de qualidade;
e Trimagem — marcacdo de regides de vetores, contaminantes, caudas poli-A etc;

e Andlises de Blast — 0 programa utilizado (normalmente BlastX e BlastN) e o banco contra

o0 qual a procura é feita variam de acordo com cada caso;
e Andlise de redundéancia (para ESTSs);
e Geracdo e envio de relatorios

e Armazenamento das informacBes em bancos de dados e diretorios.

Cr == PO SSDUADE GG @

GENOMICA E

EXERE =5 AL Gene Profects Integrantes Cacau Crinipellis perniciosa Links Suporte
‘Laboratério: “uc—;l ‘Unica.mp vt B o © ) ‘IncluirfEditarfExcluir
0: d |0rganism0' |Im |Crinipe]]is perniciosa |In|:luirfEditarfExcluir
_ ‘Cepa “ﬁ ‘Isolado da regifio cacaueira da Bahia ‘Inl:luirfEditarfExcluir
M |Estrateg|a |Iﬁ |Pro_]eto Piloto, Shotgun com enzima de restrigiio Sal 34 |In|:luirfEditarfExcluir
Biblioteca:  [nenhum <] Incluir/Substituir/Excluir
Placa: [nenhum =] Incluir/Substituir/Excluir
Orientag@o: |[nenhum =] Incluir/Substituir/Exchuir
Exikir Descricio | Limpar Pagina

Designed by : Luciano Antonio Digiampietri

Figura 2 — Ferramenta de edi¢cdo de nomenclatura.
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7.3.2. Sistema de anotagdo

O principal programa da interface de anotacdo de clusters chama-se anotacao.cgi e € um
programa desenvolvido na linguagem Perl e usa modulos de codigo aberto como CGIl.pm
(http://stein.cshL.org/WWW/CGI),  GD.pm  (http://www.boutell.com/gd/) e  DBIl.pm
(http://dbi.perl.org). A lista de ferramentas e material relacionado & anotacéo é mostrada na fig. 3.

=) PROJETO VASSOURA DE BRuys €%

L FENOMIES & o Gene Projects Integrantes Cacau _Crinipellis perniciosa__Links _Suporte

Figura 3 — Menu de ferramentas de anotacdo do Projeto VVassoura de Bruxa.

O programa anotacao.cgi é disponibilizado através da tecnologia CGI. Esta escolha foi feita
por favorecer a escalabilidade, disponibilidade e compatibilidade do sistema. Além disso, as
atualizacbes nos bancos de seqiiéncias usados pelo sistema precisam ser realizadas apenas em

nossos servidores.

Existem trés classes de usuarios que interagem com a interface de anotacdo. Primeiramente, o
anotador, que é o usudrio que coleta e submete informagdes sobre os clusters. Segundo, o
selecionador, que € o usuario que seleciona clusters interessantes para 0 seu grupo de anotacao e

revisa a anotacdo dos anotadores de seu grupo. Finalmente, o curador, que € um tipo especial de
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usuario que tem permissdo para revisar e alterar as informacdes entradas no sistema por qualquer
anotador de qualquer grupo. Ha ferramentas on-line para cadastrar e gerenciar usuarios e senhas

destas trés classes.

O fluxo de anotacdo comeca com a selecdo de clusters. Com o objetivo de ajudar o
selecionador na escolha de seus clusters, a ferramenta disponibiliza buscas baseadas em nomes de
arquivos, laboratorio de sequenciamento, estratégia de seqlienciamento, orientacdo dos reads,
organismo, biblioteca, prato, posicdo e palavras-chave. A fig. 4 mostra um detalhe da interface

inicial desta ferramenta e a fig. 5 parte da pagina de resultados de uma busca.

Selecao de Clusters

CLUSTERS SEARCH
| EBKBYWORD SEARCH
‘ KEYWORD - |
‘ BUSCAR EM : (INVERTER SELECAO M)
‘ NOME DA SEMENTE : [ ‘ NOME DO GENE ; [~ ‘ FENOTIPO : [
ORGANISMD HOMOLOGO : ™ ‘ SiMBOLO DO GENE : [ ‘ ECNUMBER : [~
TCNUMBER : ™ NOTERAD : RS (CIENV'DADOS) :
‘ POSICAQ CROMOSSOMAL : [ ‘ ACESSION CODE : I ‘ BLAST RESULT (NR): [~
BLAST RESULT (GO): [ Hifices M,ELECULAR " | COMPONENTE CELULAR : ™
‘ PROCESSO BIOLOGICO : [ ‘ GO ID ANCESTRAL : [T ‘
CLUSTERS POR PAGINA : | 100 SEARCH |
EBLAST SEARCH

Figura 4 — Detalhe da ferramenta de selegdo de clusters.
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Clusters List

Figura 5 — Parte da pagina de resultados de busca de clusters.

Ha também uma ferramenta de Web Blast que possibilita ao usuario fazer buscas no banco de
clusters para encontrar sequéncias do banco similares a uma seqtiéncia de consulta. Os resultados
da busca incluem, para cada cluster, seu melhor hit de alinhamento contra o banco NR, anotacao
automatica com termos do Gene Ontololgy, o0 grupo que possui o cluster e quando o cluster foi
modificado pela dltima vez. O selecionador navega nos resultados da busca e pode escolher para

seu grupo clusters de interesse que ainda nao foram selecionados.

Uma vez que a fase de sele¢do comecou, a anotagdo dos clusters pode comegar. Quando um
anotador entra no sistema com seu nome de usuario e senha, ele pode ver uma tabela com todos
os clusters associados a seu grupo e se ele ja foi anotado ou ndo (Fig. 6). Entdo, o anotador pode
selecionar um cluster e clicar sobre 0 nome do cluster para acessar a interface de anotacdo. A
pagina também traz ferramenta de busca e o status da anotagdo (numero de clusters finalizados,
ndo finalizados, revisados e total de clusters).
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CLUSTER
Annotation Guide FINNISHED: 683 (100%) NOT FINNISHED: ¢ (0%) REVIEWED: I
683 (100%) (TOTAL: 683 clusters) SEARCH i
ANNOTATOR WOT ANALYZED AMALYZED REVIEWED PRODUCT

eduformi Contigl YES {eduformi) expressed protein
eduformi Contg101 YES {eduformi) conserved expressed protein
eduformi Contigl 2 YES {eduformi) expressed protein
eduformi Contigl41 YES (eduformi) expressed protein
eduformi Contigl 54 YES (eduformi) expressed protein
eduformi Contigl? YES (eduformi) formate dehydrogenase
eduformi Contig2 YES (eduformi) expressed protein
eduformi Contig20 YES {eduformi) expressed protein
eduformi Contig21 YES {eduformi) conserved hypothetical protein
eduformi Contig2 19 YES {(eduformd) cell wall chitin biosynthesis-related protein
edufortni Contigad YES {eduformi) expressed protein
eduformi Contigas YES (eduformi) expressed protein
G M asin BN TTC fndeaframadt I

Figura 6 — Parte da pagina de lista de clusters atribuidos a um selecionador.

A interface de anotacdo é constituida por oitos secdes principais e tem varios facilitadores

para poupar tempo e trabalho do anotador. Durante o decorrer deste projeto, a interface de

anotacdo foi totalmente remodelada de acordo com a demanda dos usuarios. Os e-mails, telefones

e formularios pra contato foram utilizados com frequéncia para notificar erros na ferramenta,

solicitar novas funcionalidades e dar sugestbes. A ferramenta ja foi bastante utilizada em

diferentes projetos genoma, ja podendo ser considerada estavel.

A seguir uma descricao breve da interface de anotagéo:

e Cabecalho: traz links do projeto, manuais, setas de navegacao e o nome do cluster (fig. 7).

o Identificacdo: nesta se¢do o anotador entra com informacdes sobre o produto, fendtipo,

dominio, organismo homologo, simbolo do gene, numero EC (Enzyme Comission number)

e numero TC (Transport Comission number) (fig. 7).

o Classificagdo: aqui o anotador pode ver ou editar termos Gene Ontology que descrevem o

cluster. Existe também um link direto do termo selecionado para o visualizador de
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ontologias AMIGO (http://www.amigo.org). Opcionalmente, os coordenadores do projeto

podem inserir nesta secdo um segundo sistema de classificacao (fig. 7).

‘o — C- Anotacao e
 SEROMIA T = e — S — - ’
K R REESAn Gene Projects _Servicos Suporie Busca avangada

<<< Contig258 »>>> Manual de Anotagdo R‘;tmru EIE
— — notacao

PRODUTO: Alocohol dehydrogenase

FUNCAO:

A Coz1064, AdhP, Zn-dependent alcohol dehydrogenases artial.
DOMINIO : ’ ’ F yerog o F

] ]

ORGAN. HOMOLOGO : |Usti|agc: maydis 521

SIMBOLO DO GENE : |adh EC NUMBER : |1.1.1 1 TC NUMBER. : I

COMPOMNENTE CELULAR. :

— AMIGO
GO ID: | UMK CC
TERMO: | ADD
DELETE
FUNGAO MOLECULAR :
AMIGO
S | 4022lalcohol dehydrogenase activity —UNK e
TERMO: | ADD
DELETE
PROCESSO BIOLOGICO :
— AMIGO
GO ID: | UMK BP
TERMO: | ADD
DELETE

Figura 7 — Parte da interface de anotacdo — cabecalho, identificacéo e classificagéo.

e Visualizagcdo: o anotador pode ver a sequéncia do cluster e o complemento reverso da
sequliéncia, os reads que constituem o cluster, a montagem do cluster e a seqliéncia do
cluster traduzida em todos os seis quadros de leitura (fig. 8).
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e Sinalizag&o: aqui o anotador pode atribuir marcadores para o cluster. Existem marcadores
para indicar se um cluster contém a seqliéncia codante completa de um gene conhecido; se
algum read que constitui o cluster contém a seqiiéncia codante completa de um gene
conhecido; se o cluster tem problemas de montagem tais como um deslocamento no
quadro de leitura ou uma regido de repeticdes significativa, por exemplo; se o cluster é um

contaminante (fig. 8).

e Alinhamentos Blast pré-processados: aqui o anotador pode ver um sumario sobre 0s
alinhamentos contra alguns bancos de seqiiéncias. Opcionalmente, o anotador pode clicar
em um link para visualizar os alinhamentos. A lista de alinhamentos pré-processados
disponiveis é totalmente configuravel pela equipe de bioinformatica do projeto de acordo

com as necessidades especificas do projeto (fig. 8).

VISUALIZACAO

| iContig | Contig (516 b | Reads | Wiew ‘

Full cp Top

Seq.Cod.Parc. ¥ Intron ™ Lergthl] Genpmiiacid Giaes T

Cluster Problem : [T Contaminacéo : [

BLASTS AUTOMATICOS

| NR | SCORE | EMALUE | IDT% |COV.QUERY COV.SUBJECT| FRAME
| | 154 | 1e-36 | 53 | 84 | 39 | +2
| ORGANISMO : Ustilago maydis 521 | ACESSION CODE : gil7 1007635 refl<P_758131.1

gil7 1007635 reflsP_758131.1[ hypothetical protein UKO1584.1 [Ustilago maydis 521] gil46097 4135|gblEAKE2E46.1] hypothetical
protein URMO1984 .1 [Ustilago maydis 521]

| GO | SCORE | EMALUE | IDT%  |COV.QUERY COV.SUBJECT| FRAME

| | 154 | Be-37 | 52 | 27 | 38 | +2

| SIMBOLO DO GENE : Q4PL29_USTMA | PRODUTO :

| Hypothetical protein.

| molecular_function | GO:00058270: zinc 1on binding ‘ ADD

| molecular_function ! 00016491 oxidoreductase activity ‘ ADD

| rmolecular function ! GO:0046872: metal ion binding ‘ ADD
1c T SWISSPROT CP GEMOMICD

GUIRDR A Mo hits found Mo hits found ADH1_KLULA (P2036... | CPO2-53-033-478-H...
FUMGOS

hypothetical prot...

Figura 8 — Parte da interface de anotacao — visualizacéo, sinalizacéo e resultados de blast.
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Buscas facilitadas: nesta secdo ha links para um conjunto de interfaces de web blast. Estas
buscas blast, diferentemente das anteriores, sdo dinamicamente processadas. O sistema
carrega as interfaces de web blast com parametros padrdes e com a sequéncia de consulta
ja preenchida. Existe também uma interface para buscas por palavras-chave em algumas
bases de dados bioldgicas. A lista de sites disponiveis tanto para buscas por palavras-chave

como para buscas blast sdo configuraveis pela equipe de bioinformatica (fig. 9).

Bloco de notas: na se¢do do bloco de notas ha dois campos de entrada de texto. No
primeiro, o dono do cluster pode entrar com notas pessoais e informacao relevante sobre o
cluster que ainda néo tenha sido descrita em nenhuma se¢édo anterior. A segunda, chamada
guest notepad, pode ser editada por qualquer anotador, mesmo que ele ndo seja o dono do

cluster, e deve conter informac&o para ajudar o dono do cluster a anotéa-lo (fig. 9).

Controle: nesta se¢do, o anotador pode sinalizar que a anotacdo estd terminada, salvar as
atualizagbes ou ver um histdrico de anotacdo do cluster. O historico contém todas as
operacOes de edicdo feitas no cluster, inclusive o usuario que fez as edi¢des, data e hora. O
historico tem um nivel de detalhe tal que ele pode ser usado para reconstruir 0 banco de
anotacdo. O selecionador pode também reservar o cluster para pesquisa funcional ou
devolver um cluster selecionado previamente. Para o curador, existe um marcador para

sinalizar se a anotagdo do cluster ja foi revisada (fig. 9).
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BUSCAS FACILITADAS

NUCLEOTIDE: ce | a0 | «eea NP, ORF_FINDER
__1c |

AA: C+1 €42 €43 FASTA | co-seamcH |

ci 02 O3

£ im0 " Pfam i Enzyme
T Go " Swissprot i 3GD
" Pubred

PALAVRA : |
CONSULTAR |

BLOCO DENOTAS

Zwissprot: PZ0O368 =
Aots on primary or secondary alcohols or hemiacetals.,

The animal, but not the yeast, enzyme acts also on cyclic
secondary alcohols. ;l

=

GUEST NOTEPAD : GUEST UPDATE |

NOTEPAD :

|I_

"ONTROLE
ANOTACAO TERMINADA : ¥ HISTORICO DE ANOTACAD ; WIEW RESERVA : [

DEVOLUGED | ATUALIZAR | REVISADO : ¥

Figura 9 — Parte da interface de anotacao — buscas facilitadas, bloco de notas e controle.

Adicionalmente foram desenvolvidos scripts de reconstrugédo do banco de dados a partir da
tabela de histérico de anotacdo, o que representa um nivel a mais de seguranca para 0s dados do
projeto além dos convencionais backups. Esta tabela de Histérico de anotacao registra triplas de
(usuario, data, operacdo) de modo a poder recuperar todo o banco de dados de anotacdo em caso

de falhas em alguma tabela.

O tempo de anotacdo foi bastante reduzido com a implementagéo de atalhos, resultados de
Blast pré-processados, ferramentas de traducdo on-line e uma visualizagdo dos clusters com
marcacdo das qualidades das bases em escalas de cinza e marcacdo em vermelho de discrepancias
em regibes de alta qualidade. A verificacdo manual de clusters com similaridade muito fraca nos
resultados de blast teve seu tempo reduzido drasticamente com o novo sistema. Em alguns
genomas a anotacdo destes clusters, antes das mudancas, consumia a maior parte do precioso

tempo dos especialistas.
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Além desta interface foi desenvolvido um mdédulo de busca avancada que permite que o
usuario localize, pelos dados de anotacdo, clusters de seu interesse. Essa busca implementa uma
I6gica booleana simplificada, onde o usuario pode realizar a operacdo E (AND) e a operacao OU
(OR) simultaneamente em todos os campos, assim como negar (NOT) alguns campos de busca
especificos. O numero de resultados por pégina é fornecido pelo usuério. Nos resultados da

busca, é possivel encontrar um breve sumario da anotacdo de cada cluster.

Busca avancada

 Todas as condicoes devem ser satisfeitas (E ldgico)
& Pelo menos uma das condigdes deve ser satisfeita (O ldgico)

I" Buscar somente full lengths
Mostrar |10 7| resultades por pagina

I Mot NOME D& SEMENTE |
™ Wet PRODUTO |
™ Wet FUNGAO |
™~ Mot HOMOLOGO |
[ Mot SIMBOLO DO GENE |
™ Mot EC NUMEBER |
™ Mot TC NUMBER |
™ Mot NOTEPAD |
I~ Mot GUEST NOTEPAD |
™ Mot  POSICAO CROMOSSOMAL |
™ Mot ACESSION CODE |
™ Mot BLAST RESULT |
™ ot BELAST RESULT (GO) |
™ Mot FUNGAO MOLECULAR |
™ ot COMPONENTE CELULAR |
™ Mot PROCESS0 BIOLOGICO |

Erviar consulta |

Figura 10 — Interface da ferramenta de busca avancada.
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A interacdo com pessoas de outros laboratorios propiciada principalmente pelos projetos
genoma através de projetos, reunides, treinamentos e cursos foi muito proveitosa (o anexo G
apresenta uma lista de cursos e palestras). A localizacdo do Laboratorio de Bioinformatica dentro
do Laboratério de Genémica e Expressdo, com contato direto com pesquisadores “de bancada”
nas reunides semanais e no dia-a-dia permitiu, conjuntamente com a interacdo através dos
projetos, o desenvolvimento de ferramentas com grande aplicabilidade, constantemente exigidas
e melhoradas. Esta demanda constante gera o desenvolvimento apressado em alguns casos,
exigindo planejamento e adaptacGes posteriores, entretanto a Otima aceitacdo das ferramentas
demonstra que o grupo do Laboratdrio de Bioinforméatica do LGE j& conta com uma boa estrutura
de programas e desenvolvimento, e atingiu maturidade para utilizar menos tempo com servigos e

mais com desenvolvimento e publicagdes.
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7.4. ANEXO D. Producéo didatica: Manual de utilizagcdo do programa Gene Projects
para o Sistema de mineragao e anotacdo do Laboratorio de Genémica e Expressao —

LGE/UNICAMP. Utilizado nos projetos Genoma Vassoura de Bruxa, Café,
Genolyptus, Camarao, entre outros.
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Manual do Gene Projects

| Imprescindivel | Dicas iniciais | Login | Criar novo projeto | Novos reads |
| Projeto | Clusterizacdo | Semente | Dicas de utilizacdo | Sobre o programa |

1. Imprescindivel

inicio
E muito importante ler as dicas iniciais. La se encontram informacoes

que irao prevenir erros e poupar seu tempo. Boa leitura e bom trabalho.

inicio

2. Dicas iniciais

inicio

1nicio
Para selecao de informacdes no Word, é possivel fazer uma selecdo
independente de linhas utilizando a tecla “alt” enquanto se move o
mouse. Interessante para selecionar reads de um resultado de blast, por
exemplo;
Sempre utilize os links “VOLTAR” da propria pagina. Se utilizar o botao
do navegador, o programa pode se confundir e gerar erro;
Os campos de observacoes e os filtros tém como objetivo facilitar o seu
trabalho;
O programa € constantemente melhorado, mas ja possui recursos
suficientes para facilitar a busca de genes;
Reporte falhas ou sugestées. Sdo sempre bem vindas;
Convencoes — para descrever uma seqUiéncia de acdoes, convencionamos o
seguinte significado para:
0 <> - apertar a tecla “Enter”;
o <ctrl> + acdo - executar acdo enquanto mantém a tecla ctrl
apertada. O mesmo vale para <alt> e <shift>;
0 acaol, acao2, acao3 — sequiéncia de acoes a ser executada ;
o Por “acao” entenda-se apertar uma tecla ou clicar com o mouse,
por ex.;
Copia de texto no wordpad para novo arquivo:
“<ctrl> + T, <ctrl> + C, novo documento, <ctrl> + V”

— sao 4 acoes separadas por virgulas. (1) manter a tecla “ctrl”
apertada e apertar a tecla “T”, (2) manter a tecla “ctr]” apertada e
apertar a tecla “C”, (3) abrir um novo documento, (4) manter a tecla
“ctrl” apertada e apertar a tecla “V”.
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3. Login
1Nnicio
O primeiro passo para trabalhar com o Gene Project € cadastrar um login
e uma senha. Na pagina de entrada vocé pode cadastrar um novo usuario. Para
o e-mail que fornecer serdao enviados avisos de término de processo.

Confirmado o cadastro, o login pode ser feito na pagina principal. Nao se
esqueca de guardar bem sua senha.

inicio
4. Criar novo projeto
1ni1cio

O primeiro passo € criar um novo projeto, a partir do link correspondente.
Sao trés campos para preencher. No primeiro, ‘Titulo’, nao pode haver espacos
ou caracteres especiais. Se quiser utilizar mais de uma palavra, utilize o
caractere “_” entre elas. Ex.: “titulo_do_projeto”.

A seguir, o campo ‘Descricao’. Aqui se pode escrever em detalhes o que €
seu projeto, ou do que ele trata. O campo permite espacos, acentos etc.

Finalmente cadastre o e-mail, para onde serdo enviadas mensagens do
programa e de outros usuarios. Incluir’.

O programa voltara a tela dos seus projetos. Na coluna ‘Projeto’ estao
links para as paginas de cada projeto criado. Na coluna ‘Descricao’, links para
alterar a descricao de cada projeto. Ainda data da ultima modificacao e botoes
de selecao para apagar um projeto.

inicio

5. Novos reads
( reads search | keyword search | blast search | all reads | pattern search )

inicio

A partir da pagina dos seus projetos, entre no projeto em que quer
trabalhar. Clique no link ‘ACRESCENTAR NOVOS READS’.

Existem dois quadros na pagina. O primeiro apresenta as diferentes formas de acrescentar

reads: reads search, keyword search, blast search e all reads. O segundo, opcdes de acdo a serem

realizadas com os reads listados.
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Vamos tratar de cada forma de busca de reads separadamente. Em todos
os casos, existem duas opcoes que exigem atencdo: Filtros e Observacdo. Em
‘FiILTROS’ existem dois campos para filtrar a qualidade dos reads a serem
inseridos, sendo possivel determinar a porcentagem maxima de vetores e a
porcentagem minima de qualidade acima de 20. O campo ‘OBSERVACAQO’ é
muito importante para a organizacao do projeto, pois permite associar os reads

a forma como foram inseridos. Por exemplo, uma palavra chave.

5.1. Reads Search

( 5. Novos reads | inicio )
O primeiro € o ‘reads search’, que realiza busca pelo nome de cada read.
Clicando na figura a esquerda do titulo ( [ ) vocé vera as opcoes desta busca.
Neste caso existem duas formas principais de busca: por nome de arquivo ou
por selecao. Para ‘BUSCA POR NOME’, vocé deve usar uma lista de nomes,
sendo um por linha, ou utilizar coringas. Pode ainda escolher um arquivo texto

que contenha a lista de reads.

Coringas? Sim, coringas. Eles sao excelentes para facilitar nossa vida.
Funcionam da seguinte forma: O “ ? ” substitui um caractere qualquer, e o “ *”
significa quaisquer caracteres daqui para diante.

Por exemplo: para buscar CP02-S2-032-338-F10-UE.F e CP02-S2-032-
338-F10-UE.R, os dois lados do mesmo clone, pode-se pedir: “CP02-S2-032-
338-F10-UE.?”. Para buscar todos os reads de CP feitos no lab EU, pode-se
pedir: “CP*-UE*”. Significa: todos os reads que comecem com “CP”, tenham

qualquer numero ou qualidade de caracteres até que se encontre um texto “-
UE”, e tenham qualquer nimero ou qualidade de caracteres apés este “~-UE”.

Para ‘BUSCA POR SELECAQ’, basta clicar nos itens de cada coluna para
selecionar o que interessa. Pode-se fazer multipla selecao, com as teclas “ctrl” e
“shift”. Para selecionar dois itens da mesma coluna: “cliquel, <ctrl> + clique2”.
Para selecionar um trecho: “cliquel (no inicio do trecho), <shift> + clique2 (no
fim do trecho)”. Na coluna que nao houver nenhuma selecao, serao utilizados
todos os valores.

Apods efetuar a busca, aparecerao os resultados da mesma. Vocé deve
selecionar os reads que interessam e exportar os reads selecionados. Apods
selecionar todos os reads que deseja, pelos diferentes processos, tecle em
‘voltar’ para chegar a pagina principal do projeto.

5.2. Keyword Search

( 5. Novos reads | inicio )
Esta opcao de busca por palavras nos resultados de blast provavelmente
vai ser a primeira a ser utilizada na criacdo de um projeto. A busca por
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palavras permite a utilizacao de operadores booleanos (“ 7, AND, OR e AND NOT
— sempre em letras maiusculas), e exige que as palavras a serem procuradas
estejam sempre em letras minusculas.

Operadores:

e “” _para delimitar expressoes, como “homo sapiens?”;

e AND - para trazer mais de uma palavra, como sapiens AND human,
que busca resultados com as duas palavras, em qualquer ordem;

¢ OR - para trazer uma ou outra palavra. sapiens OR human traz
resultados que contenham a palavra sapiens ou a palavra human;

e AND NOT - para nao retornar resultados que contenham a palavra.
No caso sapiens AND NOT human, a busca trara os resultados que
contém a palavra sapiens, mas que nao contenham a palavra
human;

e () - para delimitar a acao de outros operadores. Ex. sapiens AND
NOT (human OR mouse).

A opcao MATCH WHOLE WORD’ restringe a procura a palavra exata.
Existem ainda as opcoes ‘READS NEW’ e ‘/READS BELOW’, que ainda nao estao
ativas.

Apods efetuar a busca, aparecerao os resultados da mesma. Vocé deve
selecionar os reads que interessam e exportar os reads selecionados. Apods
selecionar todos os reads que deseja, pelos diferentes processos, tecle em
‘voltar’ para chegar a pagina principal do projeto.

5.3. Blast Search
( 5. Novos reads | inicio)
Busca através de comparacao de sequiéncia com banco de dados da Cp
através do Blast. Basta escolher o programa e o banco de dados (‘database’),
colocar a sequiéncia em formato fasta no campo correspondente, colocar a
palavra para a observacao e executar a procura (‘SEARCH’). Vocé também pode
localizar um arquivo texto ao invés de colar a sequiiéncia.

O formato fasta inclui um titulo e uma seqiiéncia. O titulo é sempre
precedido por >, e a sequiéncia deve ter a linha quebrada apds cerca de 50
bases (este valor pode variar, mas nao deve ser muito grande). Por ex.:

>nome do gene

cagctagcgttatactgtgcagtcgatcgatctattccgttgcgatctat
atatatatatctgcgtcgagtcgcgtagtgatatatatcgagcgcgatat
atatcgcgatctacgatgctgatcagtgtacgatcgatgctagcagatcg
atcgactcgatgatcgatcgacgctgactagctgactacgctagctagct
atatcgcgatctacgatgctgatcagtgtacgatcgatgctagcagatcg
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cgtcgagtcgcgtagtgatatat

Apods efetuar a busca, aparecerao os resultados da mesma. Vocé deve

selecionar os reads que interessam e exportar os reads selecionados. Apods
selecionar todos os reads que deseja, pelos diferentes processos, tecle em
‘voltar’ para chegar a pagina principal do projeto.

A sequéncia fasta que vocé inserir recebera o nome “query”’, e cada

sequéncia que alinhar com ela e aparecer no resultado da busca sera chamada
de “subject”. No site do NCBI existe uma excelente documentacado, mas
daremos uma breve explicacao sobre os principais programas BLAST:

Query BD Compara Programa
nt nt nt Blastn
nt (traduzido) aa aa Blastx
aa aa aa Blastp
aa nt (traduzido) aa Tblastn
nt (traduzido) nt (traduzido) aa Thaslx

Blastn — compara nucleotideos contra BD de nucleotideos;

Blastx — compara seis fases de leitura da sequéncia de nucleotideos
(query) contra BD de proteinas;

Blastp — compara aminoacidos contra BD de proteinas;

Tblastn — compara sequéncia de aminoacidos contra BD de nucleotideos,
traduzido dinamicamente nas seis fases de leitura;

Tblastx — compara nucleotideos traduzidos nas seis fases contra BD de
nucleotideos também traduzido nas seis fases.

As principais utilizacoes destes programas no Gene projects sao:

Quando temos um ORF definido em nossa sequiiéncia, podemos utilizar o
blastp;

Para saber se existe algum gene que codifique proteina no nosso trecho,
utiliza-se o blastx;

Para buscar um gene conhecido no nosso BD de contigs, utilizamos o
tblastn;

Quando queremos achar genes em nosso trecho que possam nao ter sido
ainda descritos, mas que existam em seqUéncias de nucleotideos
depositadas, utilizamos o tblastx;

E finalmente, para comparacoes de genes de RNA (como o ribossomal), e
ainda para comparacoes entre organismos proximos, utilizamos o blastn.
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Na interpretacdo dos resultados de Blast é preciso levar em consideracdo alguns fatores.

Comentaremos os principais: E value, identities e score.

Identities, ou identidade é a relacdo entre o numero de matchs, ou letras
similares, com o tamanho do alinhamento. Score € a pontuacao do programa
para o alinhamento. Porém, estes dois valores nao podem ser analisados
individualmente. E preciso utilizar como parametro principal de selecdo o E-
value, que € o valor estatistico da probabilidade de o alinhamento acontecer por
acaso. Quanto menor este valor, menor a chance de que o alinhamento tenha
acontecido por acaso, e, portanto, maior a chance de que este mostre uma
similaridade real.

Existem trés formatos possiveis para o valor de E-value: 0.0; 3e-35; e
0.14. O formato 3e-35 significa 3 x 10-35, e portanto € muito mais proximo de
0.0 (zero) do que 0.14. O quanto o alinhamento pode ser significativo depende
também de outras informacdes, mas normalmente sao utilizados valores de E-
value menores que le-5 (por exemplo: 1le-6, le-7, 1e-8 etc.). Valores de E-value
maior que le-5, principalmente maiores que 0.001 ou le-3, sao insignificantes
estatisticamente para indicar uma possivel homologia. Isto nao significa
necessariamente que exista homologia, pois podemos estar utilizando uma
sequéncia parcial, de baixa qualidade ou ainda com um gene ainda nao
descrito, mas significa que estatisticamente ndo existe “boa” similaridade com
os genes comparados.

5.4. All Reads
( 5. Novos reads | inicio)
Busca com base apenas em valores de filtro. Esta ferramenta apresenta
todos os reads, dentro dos parametros do filtro, com os respectivos resultados
de blast. Pode ser utilizada para um panorama geral do projeto, para buscas de
genes (numa ordenacao por resultado de blast, por exemplo) etc.

inicio

5.5. Pattern search
( 5. Novos reads | inicio )
Busca de padroes nas sequiéncias. Interessante para busca de dominios
ou trechos especificos, como primers. Existem alguns recursos adicionais para
esta busca.

e [AT] - letra A ou letra T;
e (3) — trés repeticoes da letra anterior;
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e (1,4) —uma a quatro repeticoes da letra anterior;
e {G} — qualquer letra menos G;
e N — qualquer letra;
Ex.: A(3)N(10,15)[G,C] — 3 As, de 10 a 15 letras quaisquer, 1 Gou 1 C.

inicio
6. Projeto
inicio
Agora que ja foram acrescentados os reads de interesse, voltamos a pagina do projeto para 0s
proximos passos. Esta pagina apresenta dois quadros. O primeiro contém informacdes

sobre os reads selecionados para o projeto.

SFLECAD | READ [ BLAST RESULT ~ |[EVALUE |BP>20(%) VECTOR(%) BPTOTAL OBS
Amsscaiarneves rxids
:.r-ttlm-ﬂ-i#arﬂi-ﬂi- CATRSEEN) shoerptive sxines [ Crrdecoo 26 18 174 | BR4 realle
— ¥ CHO-FT-003-00 §- Fiu- [ATE0 ) abteerodive cddase [ Crepdecoani 2. 1E oy . n e
| PR | | 1 | | |
I_ :::]c-:mz-s3-l]33--lﬁ'?-mﬁ- ]Qgsﬁls?!moﬂﬁ!e 2e11 | 510 | ] | 842 ‘ Hlasin
[Chlamydomonas reinhandiii]

RESULTADOS POR PAGINA :

|AII Results "I

m

A coluna ‘SELECAQ’ permite selecionar os reads que sofrerdo a acao de
algum botao. ‘READS’ mostra os nomes de cada read selecinado. ‘BLAST
RESULT’ contém o nome do primeiro hit do blastx automatico, com link para a
analise do blast. ‘E-VALUE’ mostra o valor de E-value do melhor resultado do
blast. ‘BP > 20 (%)’ contém a porcentagem de bases do read com qualidade
phred acima de 20. VECTOR’ mostra a porcentagem de vetores trimados do
read. BP TOTAL’ apresenta o tamanho total do read, independente de
qualidade ou trimagem. Finalmente, o campo ‘OBS’ mostra uma palavra que
pode ser utilizada para controle pessoal de forma/motivo de insercdo de read
no projeto. Por exemplo, um read pode ser selecionado por palavra chave, outro
por blast, outro por padrao etc. O quadro de baixo apresenta possibilidades de
acao a serem realizadas com os reads.
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‘ Clusterizar | r| Selecionar Todos | H Deletar Read |

“Organizarporpala\xra Chavej | ||Nenhum Filtro j ‘ ‘ Visualizar Clusterizagio ”

Total de Reads sem Repetigio : 10

! “isualizar nas Flacas | |_| Copiar Projeto | H

| ANOTACOES
|
H

‘ Salvar Anotactes

| RESUMO

‘ Total de Eeads Repetdos ... : 0

|

222 VOLTAR <=

O botao ‘CLUSTERIZAR’ vai executar uma montagem (Phrap ou CAP3)
com os reads selecionados. Nao esqueca de selecionar os reads antes de clicar
no botdao ‘CLUSTERIZAR’. Quando esta montagem estiver terminada, o
programa enviara um e-mail avisando. Nao adianta clicar mais de uma vez. Isto
apenas iniciara novos processos, 0 que tornara a chegada de respostas mais
lenta. Apoés a chegada do e-mail, a montagem podera ser visualizada por
intermédio do botdao ‘<VISUALIZAR CLUSTERIZACAO’. Detalharemos os
resultados da montagem no item “Clusterizacao”.

‘SELECIONAR TODOS’ seleciona todos os reads do quadro 1. ‘DELETAR
READ’ ira retirar do projeto os reads selecionados. A caixa abaixo do botao
‘CLUSTERIZAR’, que mostra ‘ORGANIZAR POR PALAVRA CHAVE’ possui
algumas opcoes de organizacdo dos reads, para facilitar sua selecao. A outra
caixa de selecdao, que mostra NENHUM FILTRO’ apresenta opcoes de filtro
também para facilitar a selecao de reads. ‘COPIAR PROJETO’ € um botao que
permite seja realizada uma copia do projeto, para o proprio usuario ou outro.

‘VISUALIZAR NAS PLACAS’ mostra as posicoes dos reads nas placas e €
utilizado para facilitar a localizacdo rapida de reads. O campo ‘ANOTACOES’
permite que sejam copiados ou escritos textos referentes ao projeto. Sempre
que for modificado, deve-se clicar em ‘SALVAR ANOTACOES’. No fim da pagina
estao os dados sobre repeticao de reads e o link ‘<<<<VOLTAR<<<<’. Estes links
devem sempre ser utilizado para movimentacao entre as paginas do projeto, ao
invés dos botdes do navegador, que o programa pode nao reconhecer, gerando
erros.
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inicio
7. Clusterizacao

inicio
Apos o término da clusterizagio clica-se no botdo ‘VISUALIZAR CLUSTERIZACAQ?’, para entrada em uma tela

como a da figura abaixo:

Ultima Clugterizagio - 110701 - 2702/2003
Total de Contigs Fommados ; 1

Total de Singlets : 1

[ sEEcio | [conmies | BLAST IR SCORE|  EVALIE  [ERROGA) BPTOTAL READS | VISUALIZACAO
r Cancs ' Blastagem nio reslzada | 52 265 [ i View
[ Aragar || I BLASTCP | " ORFFENDER || T BASTNR | | | GERARSEMENTE

BLASTAR CP - SATURACAO
INCLUIR READS COM E-VALUE MENORES QUE 1|04

INICIAR BLASTAGEM BELATORIO |
LIMITE DE TAMANHO DOS CONTIGS :[1500 g
BLASTAR . NR
INICIAR BLASTAGEM
| SINGLETS
| 10 | i [ Be :
! SELECAO  SINGLETS BLAST N EVALUE ToTAL VISUALIZACAO
[ | CPO2.FF- | | [ [
L 003-016.  {AFS02293) alternative coddase (Cryptococeus necfbrmans var, grdbill e.15 a7 CE/NR

EQ4-LIC R

|| APAGAR ' ORF FINDER | | GERARSEMENTE |

e VOLTAR «<<

A parte superior da tabela apresenta os contigs formados e algumas
caracteristicas destes (um contig por linha). Na coluna ‘CONTIGS’ sao
apresentados o nome do contig e dois links para a sequiéncia deste em formato
fasta: ‘C3’ leva a seqiiéncia “normal” do contig 3, e iC3’ leva ao complemento
reverso desta. A coluna ‘BLAST NR’ mostra os resultados de blastx dos contigs.
Estes dados aparecerao depois que o botdao INICIAR BLASTAGEM’ for acionado,
e o término do processo € avisado por e-mail. SE nenhum read for selecionado,
este botao realiza o blast de todos os contigs do projeto. Caso contrario “blasta”
os selecionados.

As colunas ‘SCORE’ e ‘E-VALUE’ apresentam os respectivos valores
para o primeiro resultado do ‘BLAST NR’ de cada contig. O valor da coluna
‘ERRO’ mostra o numero de provaveis erros da montagem a cada 10.000 bases.
No exemplo, seriam 52 provaveis erros a cada 10.000 bases. Como o contig tem
865 bases, sao provaveis 4,5 erros no contig. ‘BP TOTAL’ mostra o tamanho do



134

contig montado, e ‘READS’ o numero de reads que fazem parte deste contig.
Neste numero existe um link que abre uma janela com a lista dos reads.

A ultima coluna, VISUALIZACAO’, traz um link (view’) que mostra a
montagem do contig, como no exemplo da figura abaixo:

Legends
- Mualidade < E0  : letras minusculas
- faalidade »= £0 : letrar maiusculas
- Discrepancia:s  : wemnelho
- Gaps : magerta
- Reads ¢ amil
- Cansenze : preto
= Homes de reads : preto sem cortaminacae, wemelho com contaminacao

Coemtig 1 (577 Ip untzdmmed, 576 bp trimmed, 2 reads)

COMSERI O £CCQatCCaCt 33gatgaattgadttta gt gt ge ac aaadTT G LT gqTTTT CLAA LT CT L AT CAALCTT L TATTATAL CATACCATTALT AL AL G Lttt ga TATE [ LAA L AT TATAT AT CALTL AL AT WA RAT L LATT - -LTCTC GTTCTC T
CF0-FF-002-016-E0f-+ tacrtaatiggggagql FRattghaTeTagegoge go 22aATTE G L Te ggTTTTE GAA FT FT L AT FARGGT L TATTATAL CATA L ATTARTRAL AL FA L rte ga CATT [ LAA LA TATAT I AT AL T AL AT GA FAT L AT crme e TR FTTE Tt
CP02-PE-002-016-E06-+ mhccgatccace gaggbgaaTTRAATTTA ottt oo g-aattl G0 L TTGRRTTTTC b4 FT T AT RAAL AT L TATTATAL CATA FLATTALT AL AL FATttttac aTT [ LAA LA TATAT AT LA TLACAT RA AT LAT - - LT Te grtc 0Ty

COMZENE O £CCgatCrart gaggtgaattgaatttagegtgrgraaadTIC Gl LT g TTTT L LA LT FTLATCAAL G T L TATTATAL CATACLATTALT AL AL fa Lttt ga LATC [ LAA LA TATAT CAT LA TLACAT GA FAT L LATE - -CTETC GTTETC T
frame +1 :i D FFER* I EF 3 %ERXIEPODF3IXICHETSERTPFTITIPF*H+* *HDFDTIE®RZS3TTIZ I ILT®* D23 3 E 3 L
frame +i P I HEFELUHNIL®WTEIC AXKTPFOALTGEFSERESZYMEXWLL®YHSEI 3 DTTILTT SES &GLTYHHSIHEMIEHTEP L% L@
frame +? R i TE®WMHW*1*=104L0QHWH3IPLWFE®WTE®*® ®RRZEY¥TIAAL®®WTHERL®*HPIXHTYIITHMMETETIL 3 F 3 C
COMSENS O COMET. aggrtaggtggrtocacttaacttadatcacacge got TRAGE GG c el it GO TT AL AFTACTTE CAGHATARTAT  FTAT . CTAAT AL TETHI Thaaact FTAG I TT L T RATATATARTRAFTFTALTI TAD FTAL- - FALAR AL A AL
frame -1 EDW&TFnoI+*HATCITFETGEKTE XKS3ITDHLTID®* * 9% HMM3&HTHWETZSQJCITEFFTI®*I®M®HMY *HLHMHA EEXNE
frame -i G I WERPIRFXTHAaTFOHWNAERPIXELTMTFETEHNRTETNILMLSI VWX WD I a3 ¥ =**ETLCZSZITC FRETER(
frame -2 i ¢ L HI i RKRLTZERRLTIZET®LROQJHRETFH®H*>23I P EFITITUGLG?Y T * HTCJ3I X 3iMHWELU YTIUDDS I WHZIEI &ALTD E R E R

As legendas explicam os detalhes, mas € importante destacar que bases
em desacordo com o consenso aparecem em vermelho, e as letras maitusculas
indicam qualidade phred acima de 20. Abaixo da montagem, sdo mostrados os
6 quadros de leitura.

Abaixo dos contigs existe uma linha com diversos botfes:

APAGAR . BLAST CP | ORF FINDER: BLAST MR I GERAR SEMEMNTE I

Todas as acoes destes botdes serao executadas no contig selecionado
acima destas. ‘APAGAR’ apaga o contig da montagem; ‘BLAST CP’ € o blast do
contig contra o organismo do projeto, no caso, Crinipellis perniciosa; ‘ORF
FINDER’ executa este programa para localizacao de ORFs no contig; ‘BLAST NR’
permite blast contra BD NR; e o botao ‘GERAR SEMENTE’ sera detalhado no

item ‘Semente’.

Uma ferramenta muito interessante e util € o Blast saturacao:
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BLASTAR CF - SATURACAO

) 04
INCLUIR READS COM E-VALUE MENORES QUE I e- INICIAR ELASTAGEM ] RELATARIO |
LIMITE DE TAMANHO DO CONTIGS : 1500 pi

Apods escolhido o contig de interesse, para verificar se existem outros
reads que possam melhorar a qualidade ou estender o contig, o procedimento
normal € blastar o contig contra os reads, verificar se existem reads novos,
acrescentar estes reads novos a montagem, remontar (clusterizar), verificar
novamente com o blast se com o novo tamanho existem outros reads que
possam aumentar o seu contig, e assim ciclicamente, até atingir o tamanho
pretendido ou nao conseguir mais novidades.

Sim, isto da muito trabalho, e por isso foi desenvolvido o ‘Blast
saturacao’, que faz isto tudo sozinho. Basta definir o tamanho pretendido, e o
limite de similaridade do blast e deixar o programa trabalhar por vocé, clicando
em INICIAR BLASTAGEM’.

Quando o processo terminar, o programa envia um e-mail avisando. Se
preferir acompanhar o progresso, basta clicar em ‘RELATORIO’ e ir atualizando
a pagina. Sao mostradas todas as etapas com detalhes até a finalizacdo do
processo.

No final da pagina existe uma tabela semelhante a primeira, mas com singlets ao invés de contigs.

_ SINGLETS
SELECAO  SINGLETS | BLAST NE EVALUE -‘1':%&1. : VISUALIZACAO
[ CPOZPE. | . _
r :&Jlr.ﬂ.!é. LAFS02293) alternative oxidase [Cryptococeus neofiomans var, groill Fe-15 297 CEMNE
APAGAR | ORFFINDER | [ | ceramsEmENTE |

‘SINGLETS’ mostra os nomes dos reads que nao entraram nos contigs,
com link para a seqiéncia em formato fasta do mesmo. A coluna ‘BLAST NR’
mostra o melhor resultado de blastx (contra o BD nr) executado durante o
processo de submissao, com o E value correspondente a este alinhamento na
coluna ‘E-VALUE’. Tamanho do read em ‘BP TOTAL’. A coluna ‘VISUALIZACAO’
mostra dois links: ‘CP/NR’. ‘CP’ (ou o codigo do organismo do projeto) mostra o
resultado de blastn do read contra o BD de reads do projeto. ‘NR’ mostra o
resultado de blastx contra o BD nr.

Os botoes ‘APAGAR’, ‘ORF FINDER’ e ‘GERAR SEMENTE’ funcionam
como explicado para os contigs, para o read selecionado.

inicio
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8. Semente
inicio
A criacao de semente € o processo que precede a anotacdo. Depois do
processo de clusterizacao, para localizar regioes de interesse, é preciso preparar
estas regidoes para a anotacdo. A semente é o trecho de DNA que sera anotado.
Pode conter um gene inteiro, parcial, com ou sem regido promotora.

Depois de selecionado o contig de interesse, clica-se no botdao ‘GERAR
SEMENTE’. A primeira tela sera como a da figura abaixo:

Procura de genes por regiio de interesse.

Projeto: oxid_alternat Contig: 2 Id: 79234

Selecione a reigfio de interesse:

Posigio Inical:|4|:||:|
Posigio Final :|1EDD

[T complemento reverso (icontig)

Caonfirmar | Lirmpar

Utilizando blast, ORF Finder ou outras ferramentas, pode-se determinar
que regiao do contig contém o gene de interesse. A partir desta regido, sera
iniciada a geracao da semente. Caso o gene esteja invertido em relacao a
montagem do contig, e se for de seu interesse, basta clicar em ‘COMPLEMENTO
REVERSO (ICONTIG)’ para capturar a sequiéncia complementar.
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Procura de genes por regiio de interesse.

Titulo: oxid_alternat - Contig: 2

Iniciando o processamento ...

Localizado contig ... OK

Isolando regiio de interesse ... 0K

Criando hancoe de dados para blast dos reads do contig ... OK
Blastando reads da semenie conira a hase de dados ... OK
Isolando reads da regifio de interesse ... OK

Blastando nova semente conira o nr ... 0K

O programa ira executar alguns itens, gerar uma semente temporaria e
uma tabela de informacoes:

YVocé acaba de criar mma semente temporariac vesifiqgue as repeticBes de reads em outras sementes (se existif), para inserie
defirativamente a semente inchia uma desericdo para a mesma e pressione o botdo Jalvar Semente. Cazo ndo quetia mais esta semente pressione o
botdo Descattar Semetite.

Lista de Reads da Semente

Elast conira nr

Seygiiencia Fasta

Dados da nova sementes.

MNome Criagio Criador First Hit Bases | Qualidade* |Reads

Id value View

gi[0930474|gh| AAGD2081.1 AF285187 1 | Ge-

S f L
automitico 23/10/2003 | eduformi 2 S iermidie:oxtisee [0 die 11

1285 74 09 T exibir

* mimero de hases com nota maior ou igual a 40
** nome escolhido automaticamente quando a semente for salva

Além da tabela com as informagdes da semente, sdo apresentados links para conferir as informacdes referentes a
esta. A lista de reads que compdem a semente, o resultado de blastx contra BD nr e a seqliéncia fasta com valores

de qualidade, como na figura abaixo.
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>contiyg. fasta.screen. Contigl
ATGCATGCTGCAGGTCGATCACAGGATT CACGGAATAT GCAS faloler V- sle)
CAAAGGAAGGATCTCGOTCACTATCGGAACCHETEONCAGCACTTCGGAR
[ EACGEGCTATTCAGAGTTC CAAAGTAGTATAAAATTGCGTGCGCGEG
TCGTTCCGTTTCAT CGT CAACTAATCTTATTTTEGACACTATTTACEATC
TACCGAACTCGCTCTTGCTTTGCAATGCTTGCEATTCGTACT CAATCTAC
GTTGGCACGHACTGTGGGTACCAGCCTACTTCGGCAGTCGTATATCGCCC
GATACCCTCTTTGTAGGGGGATCTCTTCAAGCACCAGTAACAGGAATAGE
CTAACGGATGAACAGGCTCAGGCGGETACTGTCGGGCCT CATCTTCGTAC
GTTGTTCCCTCTTETMCAACGATTTCTGCGACGCTGATCTTCAAAACCTCG
ATAGAGC%CGT T TeAYTdcccCAITICACGCCACCAACA
GGTTACCGGAGACTGGGTATTATTTCACCCTGTCTACT

T GAATET GACACAGT GCTCGTTE

GAACATGACGCTTGCCCAAC TTC
AGGCTTGECTCAGCGINAGILY ATICTCTGTTCCAACTE]
CACCAGTATACAGCGGATCCTCTTEMICGAGTCCATAGCGGECGTTCCGE
GAATGOTGOCGGEGACAAT ACGACACCTAACAAGTTTAAGGCTGATGGTA
TGCCATTACCAACTAAT GACAAGGCTTGCATTACTTAATTTGTCCCTTAG
CGCCGT GATAACGGGTGEGATTCACACCT GEMIAGAAGARGCAGAGAACGA
GAGGATGCATCTCATGT GAGTGATGATATAGTGCTTEGGATGTCAAAGTC
GTGTCACTAATGCTAT GGTATAATAGGACCTTCATGACACTT CGAARACC
ACTAAATTCAATTCGCCTCCCCTATTANGT!
CTTAACTCTCGCCCC

O final da pagina vai apresentar as informacoées finais para cadastro ou
descarte da semente. Caso nao exista sobreposicdo (regides ja salvas como
sementes serdo acusadas), a semente pode ser salva. Basta preencher as
informacoes de regiao de promotor e gene, e a descricao da semente. O link
‘ORF FINDER’ permite que sejam conferidas as posicoes.
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Orf Finder
PROMOTOR GENE
Besiad Toieala] Frsieao il
Posigo Final: | Posigho Final |

Descricio da senente:

Salvar Semente | Descarar Semente |

Apos clicado o botao ‘SALVAR SEMENTE’, € aberta uma pagina com a
confirmacao e um link para a ‘LISTA DE SEMENTES’.

Procura de genes por regiio de interesse.

Semente salva com sucesso.

Lista de Jemente

Para acessar esta lista, € necessario que seu login tenha permissao de
anotador. O sistema de anotacado varia com cada projeto, € o manual de
anotacao sera desenvolvido em separado.

Obrigado por ter lido o manual e ter dado sentido ao nosso trabalho ©
inicio
9. Dicas de utilizacao
inicio
As dicas foram distribuidas nas explicacBes de cada item, mas é importante citar que a forma mais simples de
comecar um projeto sobre determinado tema é realizar uma busca por palavra chave (keyword search) ou um
tBLASTN da proteina pretendida (de preferéncia de organismo préximo) e acrescentar os reads no projeto. Outra

opcao é a busca nos resultados de blast, ou utilizar uma combinacdo dos métodos apresentados.
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Depois que conseguir, da forma que preferir, acrescentar alguns reads no projeto, execute o blast saturacdo
colocando como limite o tamanho do gene ou um pouco mais. Se ainda ndo conseguiu o tamanho completo do

gene, tente aumentar o tamanho pretendido e rode novamente o blast saturacéo.

inicio
10. Sobre o programa
inicio
O principal objetivo do Gene Projects é permitir a “on going annotation”, ou anota¢do
enguanto o genoma esta sendo seqlienciado. O sistema esta sendo complementado para englobar
as principais ferramentas do Laboratério de Genbémica e Expressdo (LGE/UNICAMP),
objetivando a automatizacdo total na criacdo de um sistema de bioinformatica para projetos
genoma, desde 0s pequenos casos, de pesquisas individuais, até programas de seqlienciamento

completo de organismos.

Foi idealizado pelo Prof. Dr. Gongalo A. G. Pereira, e o principal responsavel pelo seu

desenvolvimento é Marcelo F. Carazzolle. Time de desenvolvimento: Luciano A. Digiampietri,

Marcos R. R. Araujo e Eduardo F. Formighieri. Os demais integrantes da bioinformatica também

comecgaram ou irdo comecar a trabalhar neste sistema (Eliezer e Danilo).

Manual redigido por Eduardo F. Formighieri (eduformi@Ige.ibi.unicamp.br).

Versdo do Gene Projects: 1.3.0.0
Versao do Manual: 1.0.0.2

Sugestoes, criticas e contato através do e-mail

suporte@Ige.ibi.unicamp.br.

inicio
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7.5. ANEXO E. Producao didatica: Manual e roteiro de anotacéo para o Sistema de anotacéo
do Laboratdrio de Gendmica e Expressdo — LGE/UNICAMP. Utilizado nos projetos
Genoma Vassoura de Bruxa, Café, Genolyptus, Camardo, entre outros.
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Manual Avancgado de Anotacdo — Camarao

| Personagens e senhas | Dicas iniciais | Processo de anotacdo | Interface de anotacao |
Como anotar | Sobre o sistema de anotacdo LGE |

11. Definicao de personagens e senhas
inicio

Curadores — No caso da anotacao dos ESTs de camarao os curadores ainda
nao foram definidos, mas futuramente irao padronizar as informacoes anotadas.

Selecionadores — Sao os coordenadores de cada equipe de anotacao, podendo
haver mais de uma equipe por instituicao. Eles terdao o poder de selecionar
inicialmente o material de interesse para a anotacao (sequences control), que sera
distribuido entre os anotadores ligados a cada selecionador. Apdés a selecao dos
clusters de interesse, os clusters nao selecionados serao distribuidos. Cada
selecionador sera responsavel por uma cota de sequéncias para anotar, e pela
qualidade da anotacado do seu grupo de anotadores. O controle pode ser feito pela
pagina de anotacao especifica de cada selecionador.

Anotadores — Sao os pesquisadores que pertencem a uma das instituicoes
conveniadas, que fardo a anotacao das sequiéncias segundo as normas gerais do
projeto e as especificas de cada equipe. Cada anotador possui seu login e acesso a
pagina de anotacdo do selecionador responsavel. Existem ferramentas para a troca
(trocar) de senha e para o caso de esquecimento da mesma (enviar).

Senhas - Todos os personagens tém acesso ao sistema através de login e
senha geral do coordenador de cada instituicdo. Para a anotacao e o controle desta
pelos selecionadores, cada pesquisador (anotador ou selecionador) tera um login
proprio e tinico, com permissoes de acordo com sua funcao.

inicio

12. Dicas iniciais
inicio

e Sempre utilize os links das proprias paginas de servigos, como o “VOLTAR”. Se
utilizar o botao do navegador, o programa pode se confundir e gerar erro;
e Reporte falhas ou sugestoes. Sdo sempre bem vindas.
o Utilize para isto o e-mail: suporte@lge.ibi.unicamp.br.
e Duvidas sobre o processo de anotacao devem ser enviadas para:
0 eduformiwlge.ibi.unicamp.br.
e Utilize o roteiro de anotacao.
e Para descrever uma sequUéncia de acdes, convencionamos o seguinte
significado para:
0 <> - apertar a tecla “Enter”;
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o <ctrl> + acao — executar acao enquanto mantém a tecla ctrl apertada. O
mesmo vale para <alt> e <shift>;

0 acaol, acao2, acao3 — sequéncia de agoes a ser executada,;

o Por “acao” entenda-se apertar uma tecla ou clicar com o mouse, por ex.;
Copia de texto no wordpad para novo arquivo:
“<ctrl> + T, <ctrl> + C, novo documento, <ctrl> + V”

— sao 4 acoes separadas por virgulas. (1) manter a tecla “ctrl”
apertada e apertar a tecla “T” — selecionar tudo, (2) manter a tecla “ctrl”
apertada e apertar a tecla “C” — copiar, (3) abrir um novo documento, (4)
manter a tecla “ctrl” apertada e apertar a tecla “V” — colar.

inicio
13. Geral do processo de anotacao

( Cadastro de login | Selecdo de seqtiéncias | Cotas | Formas de busca | Analise dos resultados )
inicio

13.1. Cadastro de login/senha
Serdo criados logins e senhas para todos os selecionadores que serdo enviados por e-mail individuais.
De posse destas informacgdes, cada selecionador criard login para cada um de seus
pesquisadores (anotadores) através do Servigo especifico

(http://bioinfo05.ibi.unicamp.br/camarao/services/atuselecionador.php). A senha serd criada

automaticamente e enviada para o e-mail do anotador, que poderé altera-la através de servico

especifico.

Para cadastrar os anotadores basta preencher os campos NOME’ (sempre
completo), LOGIN’ e ‘E-MAIL’. Estes estdao automaticamente relacionados ao
selecionador que os cadastrou. Por questao de seguranca €& necessario que cada
anotador cadastrado seja bloqueado e depois desbloqueado para que o mesmo tenha
acesso aos servicos.

Na coluna de gerenciamento existem 4 opg¢oes:
[i\( - Editar.
IE - Bloquear anotador.

E - Desbloquear anotador.
-

}{ - Excluir anotador (abre nova figura de confirmacao).

F;!EI - Confirma exclusao de anotador (clicar no lixo para confirmar).
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13.2. Selecao de seqiiéncias

13.2.1. Cotas
( Processo de Anotacao | inicio)

Cada selecionador podera manter sob seus cuidados cerca de 300 sequiéncias
por vez, tendo um prazo determinado para finalizar a anotacao destas (definido por
comunicados da coordenacdo de anotacao). Apos o prazo, a contar da data de
selecao, a seqUiéncia nao finalizada volta automaticamente a fazer parte do grupo
das que podem ser escolhidas para anotacao pelos selecionadores. O limite de 300
sequéncias nao significa limite por processo de selecao, e sim o maximo de
seqUiéncias que um selecionador pode manter ao mesmo tempo. Assim que uma
sequéncia € finalizada, outra pode ser selecionada.

O selecionador podera também desistir de determinada seqiiéncia retirando-a
de seu grupo e assim permitir que outros pesquisadores possam ter acesso a mesma
e ao mesmo tempo para que possa escolher outra sequiéncia para seu grupo de
trabalho. Isto vale para trocas de seqUéncias entre grupos ou desisténcia de
sequencias escolhidas de forma errada. Na fase final as sequiéncias restantes serao
distribuidas, e o botao de devolucao nao devera mais ser utilizado. Casos especiais
podem ser discutidos diretamente com a coordenacao de anotacao.

13.2.2. Formas de busca
(Processo de Anotacédo | inicio )

Ao acessar a pagina de selecao de clusters, o selecionador tera diferentes
opcoes para localizacao dos clusters de interesse: busca por palavras chave, busca
por blast, busca por seqiiéncias e ainda visualizar todos os clusters. Basta clicar no
para abrir o respectivo quadro de busca, e em [ para fecha-lo. A analise dos
resultados das buscas sera discutida apés a descricao de todas as formas de busca.

Busca por palavras — Pode ser feita em todos os campos citados ou apenas em

alguns, sendo feita esta escolha através das caixas de selecao (I_ e IF). Depois de
digitada a palavra e definidos os campos em que sera feita a busca, define-se o
numero de clusters a serem mostrados a cada pagina de resultados. Para executar a
busca clicar no botao ‘SEARCH’.

Busca por BLAST - Buscas através do programa NCBI-BLAST contra o Banco
de Dados das seqiiéncias de ESTs do projeto. E possivel utilizar os programas blastn
(nt vs. nt), tblastn (aa vs. nt trad) e tblastx (nt trad vs. nt trad). A seqiiéncia query,
em formato FASTA, pode ser colada no campo ou localizada através do botao de
procura. Define-se o numero de clusters a serem mostrados em cada pagina e para
executar a busca clica-se em ‘SEARCH’.

Busca por seqiiéncias — Pode ser realizada por uma listagem com o nome dos
reads ou contigs (onde podem ser utilizados caracteres curingas (* e/ou ?)), digitada
na caixa ou localizada em arquivo, ou através de selecao diretamente nas caixas da
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nomenclatura cadastrada. Para executar a busca, clicar em ‘SEARCH’ depois de
definir o numero de resultados por pagina.

Visualizar todas as seqiiéncias — Mostra todas as sequiéncias, com diferentes
possibilidades de ordenacao. Mesma opcao de definicao de quantidade de resultados

a serem visualizados por pagina.

13.2.3. Analise dos resultados da busca

(Processo de Anotacdo | inicio )
Todas as formas de busca trazem os resultados no mesmo padrdo de pagina. Existem trés cores

possiveis para as informacdes de cada seqiiéncia:

— apenas anotacao automatica realizada;
— reservado para anotacédo; e
— anotacao manual finalizada.

Esta pagina contém uma tabela com os seguintes campos:

Selecao — Campo para selecao de sequiiéncias a anotar.

Seqiiéncia — Nome da sequéncia (contig ou read). O link no nome de cada
sequiéncia abre a pagina de anotacao desta.

Produto - Nome completo do produto do gene. Ex.: cytochrome oxidase,
subunit 3.

Simbolo - Abreviacdo do nome do gene, o equivalente ao “gene name” do
genbank. Ex.: cox3.

Primeiro hit BLAST - Descricaio da seqUéncia com o melhor hit da
comparacao do BLAST. O link na descricao abre a pagina do resultado do blast.

E-value — Valor de expectativa. Equivalente a probabilidade de o alinhamento
ocorrer por acaso. Quanto mais proximo de zero, maior a chance de o alinhamento
ter significado biologico.

Funcao Molecular - Descricao dos termos GO da genealogia de funcao
molecular. O link deste campo abre a pagina do referido termo GO na ferramenta
computacional AMIGO.

Componente Celular - Descricao dos termos GO da genealogia de
componente celular. O link deste campo abre a pagina do referido termo GO na
ferramenta computacional AMIGO.

Processo Bioldogico — descricdo dos termos GO da genealogia de processo
biologico. O link deste campo abre a pagina do referido termo GO na ferramenta
computacional AMIGO.

Selecionador - Login do selecionador responsavel pela anotacao da
sequéncia.

Anotador - Login do ultimo anotador que salvou alguma modificacdo na
sequéncia. Todas as modificacoes feitas por qualquer anotador sao registradas no
histérico de anotacao. Este controle existe para facilitar a determinacdo de quais
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sequéncias ja comecaram a ser anotadas, e a forma como a anotacdo sera
distribuida no grupo depende da preferéncia de trabalho de cada selecionador.

Ultima atualizacio - Data da ultima modificacdo salva na pagina de
anotacao.

Depois de escolhidas as sequéncias, basta clicar no botao ‘ENVIAR
SEQUENCIAS’ para que as mesmas sejam cadastradas na pagina de anotacao do
selecionador, até o limite de 300 seqUiéncias. Apos o periodo definido para esta
selecao, todos os slecionadores receberao clusters aleatorios para completar 300
sequéncias.

inicio

14. Interface de anotacao

( Cabecalho | Navegacdo | GO | Categoria | Identificacao | Visualizacdo |
Sinalizacdo | BLAST | Buscas facilitadas | Anotacdes )

inicio

As informacodes sobre a anotacado sado detalhadas no roteiro de anotacdo. O
objetivo deste manual é mais ensinar a utilizar a interface de anotacdo, e dar
alguma base em assuntos essenciais.

14.1. Cabecalho

O cabecalho esta em um frame separado, e estara sempre disponivel para
acesso. Nele se encontram links para outras paginas do projeto, dos quais
destacamos:

Gene Projects — Acesso ao programa desenvolvido no LGE para analise
aprofundada de clusters ou assunto de interesse. Ligado diretamente aos dados do
projeto.

Servicos — Abre a pagina de servigcos do Projeto camarao no LGE.

Suporte — Envio de e-mail para grupo de suporte do LGE.

Busca avancada — Busca nos bancos de dados de ESTs do camarao no LGE.
Possui opgoes de selecao dos diferentes campos para delimitar e especificar a busca.

14.2. Navegacao
( Interface de anotacao| inicio)

A barra de navegacao possui no centro o nome da sequéncia, e nas
extremidades dois links de cada lado.

<< << Contig9898 =>> =>>>

O “>>” abre a pagina de anotacao da proxima sequéncia do selecionador que
ainda nao foi anotada. O “>>>” abre a proxima sequéncia, independentemente de
esta ter sido anotada ou nao. “<<” e “<<<” funcionam com a mesma logica para as
sequéncias anteriores, considerando ordenacao alfabética.
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Também possui os links para manual e roteiro de anotacao.

14.3. Classificacao - Gene ontology
( Interface de anotacao| inicio )

No campo ‘CLASSIFICACAO’ voc pode classificar cada cluster segundo sistema
do Gene Ontology (GO).

Mais baixo na interface de anotacao existe um resultado automatico de blast
contra BD de sequiiéncias associadas ao GO, que sera discutido posteriormente. Este
resultado pode ajudar na classificacao quanto ao GO. Para uma analise atualizada
existe mais abaixo, em ‘BUSCAS FACILITADAS’, a opcao de busca por palavra chave
ou por blast (GO) no GO.

Depois de determinados os termos GO relacionados a seqliéncia, preenche-se os dados do GO ID e do
nome do termo nos campos apropriados. Utilize preferencialmente copiar/colar para evitar
erros de digitagdo. Em caso de duvida em relacdo aos termos mais especificos, seleciona-se

um termo mais geral, ou seja, mais préximo a raiz da arvore. Exemplo:

all - all | 184297 )
@ GOO003674 - molecular_function { 116603 )
@ GO0005215  transporter activity { 9959 )
@ GOO015075 jon transporter activity { 3763 )
@ GO0008324 © cation transporter activity { 3133 )
@ GOO00150382  di-, tri-valent inorganic cation transporter activity { 426 )
@ GOO005381 D ironion transporter activity { 114 )
@ 0:0015091 : ferric iron transporter activity (1)
@ GO 00463873 - metal ion transporter activity [ 866 )
@ GO 0046915 - transition metal ion transporter activity { 323 )
@ GOO005381 D ironion transporter activity { 114 )
@ 0:0015091 : ferric iron transporter activity (1)

Neste caso, a ontologia de funcao molecular esta aberta até o tltimo nivel. Se
nao se tem certeza sobre o ion transportado, pode-se anotar uma das categorias
acima, como 5381, 15082 ou 8324. Quanto mais proximo da raiz da arvore, menos
especifica a classificacao, mas em casos de duvida o melhor € classificar no nivel em
que se pode ter maior grau de certeza.

14.4. Identificacao
( Interface de anotacao| inicio)

Nome do gene - Descricao por extenso do produto do gene, incluindo
informacao sobre ser subunidade e qual. Ex.: cytochrome c oxidase, subunit 3.

Funcao — Inserir informacoes sobre a funcao do produto do gene. Pode-se
simplesmente colar a informacéao do UNIPROT ou do NCBI-Gene homologo.
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Dominio - Descricdo do(s) dominio(s) encontrado(s) na sequéncia. Utilizar
nomenclatura completa, incluindo identificador (o padrao pode ser o do PFAM). Em
caso de similaridade parcial, indicar no final da descricado do dominio. Ex.:
“COGO0071, IbpA, Molecular chaperone (small heat shock protein), incomplete.”

Organismo homodlogo — Nome cientifico completo do organismo referente ao
melhor resultado do blastx vs. nr.

Simbolo do gene — Nome curto do gene, o equivalente ao termo “gene name”
das entradas do genbank. Ex.: cox3.

Namero EC — Numero de classificacdo enzimatica.

Namero TC — Numero de classificacao de proteinas de transporte.

14.5. Visualizacao
( Interface de anotacao| inicio )

iContig — Complemento reverso da seqiiéncia em formato fasta.
Contig — Sequiiéncia em formato fasta.

Reads - Lista de reads que compoem a sequéncia.

View — Visualizacao da montagem.

14.6. Sinalizacao
( Interface de anotacao| inicio )

Seq. Cod. Parc. — Deve ser marcado quando a regidao do alinhamento nao
inclui todo o gene similar, potencialmente homologo. Diz respeito a regiao
sequenciada

Intron - indicador da presenca de intron.

Full Length - indicador da presenca de toda regidao codante no clone. Deve ser
marcado quando a regiao do alinhamento possui a regidao codante do inicio do gene
similar.

CP genomico - Indicador da existéncia de sequéncia similar no conjunto de
DNA gendmico sequienciado.

Top gene — Indicador de que o gene € importante de acordo com os objetivos
do projeto e deve ser estudado com cuidado, e/ou reservado para futuras patentes.

Cluster problem - Indicador de problemas na sequéncia, como frameshift ou
consenso com regioes de qualidade muito baixa.

Contaminacao — Indicador de contaminante, a ser eliminado do conjunto de
dados a serem anotados no projeto.

14.7. BLAST automatico
( Interface de anotacao| inicio )

14.7.1. BLAST vs. nr

Informacodes retiradas automaticamente do resultado de blastx contra nr.

Score — Pontuacao do primeiro alinhamento do blastx.
E-value — Valor de expectativa do primeiro alinhamento do blastx.
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Identidade — Valor em porcentagem do numero de acertos (matchs) em relacao
ao tamanho total do alinhamento.

Coverage query — Porcentagem da divisdo do tamanho do ‘query’ em relacao
ao tamanho do alinhamento.

Coverage subject — Porcentagem da divisdo do tamanho do ‘subject’ em
relacdo ao tamanho do alinhamento.

Organismo - Nome cientifico do organismo do primeiro alinhamento do
blastx.

Acession code — Codigo de entrada no banco de dados genéticos da sequiéncia
do primeiro alinhamento do blastx.

Descricao — Campo com o nome inteiro da entrada do primeiro alinhamento
do blastx, que também € um link para o resultado do blastx.

14.7.2. BLAST vs. GO

Informacodes retiradas automaticamente do resultado de blastx contra banco
de dados com sequéncias relacionadas a termos GO.

Score — Pontuacao do primeiro alinhamento do blastx.

E-value — Valor de expectativa do primeiro alinhamento do blastx.

Identidade — Valor em porcentagem do numero de acertos (matchs) em relacao
ao tamanho total do alinhamento.

Coverage query — Porcentagem da divisao do tamanho do ‘query’ em relacao
ao tamanho do alinhamento.

Coverage subject — Porcentagem da divisdo do tamanho do ‘subject’ em
relacdo ao tamanho do alinhamento.

Simbolo do gene — Simbolo do gene.

Produto — Descricao do nome do produto do gene.

Descricao — Campo com o nome inteiro da entrada do primeiro alinhamento
do blastx. Também € um link para o resultado do blastx contra o BD relacionado
aos termos GO.

Molecular_function, Cellular component e Biological process — descricao
dos termos GO com similaridade. O link de cada termo abre a janela de descricao do
termo no programa AMIGO.

14.7.3. Outros Blasts
Links para resultados de blasts estaticos: Swiss prot, NT e TC.

14.8. Buscas facilitadas
( Interface de anotacao| inicio)

14.8.1. Buscas atualizadas por BLAST e ORFFinder com nucleotideos
Links que abrem paginas de BLAST contra bancos de dados especificos na tela de sele¢do de

pardmetros, ja com a seqliéncia fasta especifica preenchida. Verificar os pardmetros em cada
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caso e executar a busca atualizada. O link para o programa OrfFinder permite a localizagdo

de ORFs. Cuidado ao interpretar ORFs em ESTS...

BD GO - Sequiéncias do Gene Ontology.

BD Kegg — Sequiéncias do KEGG.

BD Nr — Non redundant, do NCBI.

ORF Finder - busca de ORFs para definicao de inicio e/ou final da regiao
codante quando for do interesse do anotador.

BD TC - Sequiéncias relacionadas a classificacao de proteinas de transporte.

14.8.2. Buscas por CD_Search com aminoacidos

Escolha o frame que deseja e execute a ferramenta.

CD_Search — Busca por dominios.
Fasta aas — Sequiéncia fasta traduzida no frame escolhido.

14.8.3. Buscas por palavra chave

Buscas por palavra chave em diferentes locais. Seleciona-se o local onde se quer
fazer a busca da palavra digitada e clica-se no botao ‘CONSULTAR’. Descricao
concisa dos bancos de dados:

Enzyme - Conjunto de informacodes relativas a nomenclatura de enzinas.

GO - Vocabulario de produtos de genes dinamico controlado com potencial de
ser aplicado a todos os organismos.

Pfam — Colecao de alinhamentos multiplos de sequiiéncias e de HMMs cobrindo
os mais comuns dominios de proteinas.

Pubmed - Servico da NLM incluindo mais de 15 milhdes de citacdes para
artigos relacionados a ciéncia da vida.

Swissprot — Banco de dados de sequiiéncias de proteinas curado - alto nivel de
anotacao, minimo de redundancia e alto de integracdao com outros BDs.

Familias de transporte (TC) — Sistema de classificacdo para proteinas de
transporte de membrana conhecido como sistema TC.

SGD - Saccharomyces Genome Database

14.9. Bloco de notas
( Interface de anotacao| inicio )

Notepad - Notas do préprio anotador sobre a sequiéncia anotada. Sao
atualizadas, como toda a pagina, pelo botdao ‘ATUALIZAR’. Pode ser utilizado para
inserir informacoes importantes sobre a anotacdo que nado possam ser colocadas em
outros campos.

Guest notepad — Notas de qualquer anotador, sobre a anotacao da sequiéncia.
Estas informacoes sao salvas através do botao ‘GUEST UPDATE’.
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14.10. Controle

( Interface de anotacao| inicio )

Anotacao terminada - Selecionar apos o término da anotacdo manual.

Historico da anotacao - O botdao <VIEW’ mostra todo o historico de
modificacoes da anotacao.

Reserva — Selecionar para reservar a sequéncia para trabalho funcional.

Atualizar — O botao ‘ATUALIZAR’ aparece somente para o grupo de anotadores
do selecionador. Deve ser clicado para salvar as alteracoes feitas na pagina. O
recomendado € que as alteracoes sejam salvas logo apos serem feitas.

Devolucao — retira o cluster do grupo do selecionador. S6 deve ser utilizado
pelo selecionador, em fase de selecao de clusters.

Revisado — para selecionador clicar quando revisar a anotacao de sua equipe.

15. Como anotar
( O que é anotar | Identificar proteina | Classificar | Detalhes | Anotacdo metabdlica)

inicio
15.1. O que é anotar uma seqiiéncia?
O roteiro de anotacdo se encontra em arquivo separado, mas serdo tratados aqui 0s conceitos basicos e

alguns topicos com mais detalhes.

Para comecar, 0 gque é esta segiiéncia? Cada uma das sequéncias a serem anotadas é resultado da

montagem de todos os ESTs seqlenciados no Projeto Genoma Camardo, com diferentes
bibliotecas de ESTs (as estratégias presentes no projeto podem ser vistas na pagina de
servicos do projeto, em ‘SUBMISSAO’ / *‘NOMENCLATURA’) apds a trimagem de

contaminantes, vetores etc.

Portanto cada seqliéncia a ser anotada € um trecho de cDNA seqiienciado. Como passou por um
processo de montagem, pode ser um read (singlet) ou um contig (grupo de reads alinhados

formando um trecho normalmente maior e com melhor qualidade do que um read sozinho).
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Por que anot&-lo? Além das metas de anotacdo, é claro... A anotacdo é a fase mais importante de um

projeto genoma. E através da anotagdo que encontraremos as proteinas expressas em
diferentes situagdes, poderemos inferir sobre vias metabdlicas presentes, alvos especificos
para pesquisas funcionais e futuras patentes e produtos. Enfim, uma boa anotacdo facilita a

continuidade da pesquisa, a redacao de artigos e a continuidade da genémica no Brasil ©.

Mas entdo o que é anotar? Anotar € determinar a funcdo do produto de um gene. Como trabalhamos
neste projeto com ESTSs, tudo o que temos foi expresso (ndo precisamos nos preocupar em

determinar ORFs). A missdo ¢ identificar a funcéo de cada uma. Mas como?

Para uma anotacdo bem feita precisaremos passar por quatro fases principais: a identificacdo da
proteina, sua classificacdo, o detalhamento da anotagdo, e a anotacdo metabodlica. Este
processo de anotacdo serd detalhado no curso de anotacdo, mas trataremos brevemente 0s
principais pontos da anotacao a seguir.

15.2. Identificar a proteina
(Como anotar| inicio )

Esta é a parte mais importante da anotacdo. Mais ou menos trabalhosa
dependendo do caso, mas essencial para que as proximas fases sejam uteis. Ou
seja, nao adianta classificar perfeitamente o gene errado. Esta € a principal fase
onde a anotacao automatica necessita da confirmacdao humana.

Para identificar uma sequéncia o primeiro passo € fazer uma comparacao
desta sequiéncia com BDs de sequiéncias ja anotadas. A melhor ferramenta para uma
primeira analise € o BLASTX contra o Swissprot e contra o nr (BD non redundant de
proteinas do NCBI). Para quem nao conhece o BLAST, o ‘quadro 1’ traz uma
descricao breve de suas principais ferramentas.

Quadro 1 - Introducao ao NCBI-BLAST

Basic Local Alignment Search Tool (BLAST) - Programas de busca de
similaridade projetados para explorar todas as bases de dados disponiveis de
sequéncias de proteinas ou DNA. A sequéncia a ser utilizada na busca deve
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sempre estar no formato fasta (podendo estar sem a linha de titulo).

O formato FASTA inclui um titulo e uma seqiiéncia. O titulo é sempre
precedido por >’ e finalizado por uma quebra de linha (ou seja, um <Enter> no
final da linha). A sequiéncia deve ter a linha quebrada apos cerca de 50 bases
(este valor pode variar, mas nao deve ser muito grande). Por ex.:

>nome do gene
cagctagcgttatactgtgcagtcgatcgatctattccgttgcgatctat
atatatatatctgcgtcgagtcgcgtagtgatatatatcgagcgcgatat
atatcgcgatctacgatgctgatcagtgtacgatcgatgctagcagatcg
atatatatatctgcgtcgagtcgcgtagtgatatatatcgagcgcgatat
atatcgcgatctacgatgctgatcagtgtacgatcgatgctagcagatcg
atcgactcgatgatcgatcgacgctgactagctgactacgctagctagct
atcgactcgatgatcgatcgacgctgactagctgactacgctagctagct
atatcgcgatctacgatgctgatcagtgtacgatcgatgctagcagatcg
cgtcgagtcgcgtagtgatatat

A sequiéncia fasta que vocé inserir recebera o nome “query”’, e cada
sequiéncia que alinhar com ela e aparecer no resultado da busca sera chamada
de “subject”. No site do NCBI existe uma excelente documentacao, mas daremos
uma breve explicacao sobre os principais programas BLAST:

Query BD Compara Programa
nt nt nt Blastn
nt (traduzido) aa aa Blastx
aa aa aa Blastp
aa nt (traduzido) aa Tblastn
nt (traduzido) nt (traduzido) aa Thaslx

Blastn — compara nucleotideos contra BD de nucleotideos;

Blastx — compara seis fases de leitura da sequiéncia de nucleotideos (query)
contra BD de proteinas;

Blastp — compara aminoacidos contra BD de proteinas;

Tblastn — compara sequiéncia de aminoacidos contra BD de nucleotideos,
traduzido dinamicamente nas seis fases de leitura;

Tblastx — compara nucleotideos traduzidos nas seis fases contra BD de
nucleotideos também traduzido nas seis fases.

rpretacdo dos resultados de Blast é preciso levar em consideracdo alguns fatores. Comentaremos os

principais: E-value, identities, positives e score.
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Identities, ou identidade é a relacdo entre o numero de matchs, ou letras
similares, com o tamanho do alinhamento. Positives traz a porcentagem de
matchs de semelhanca quimica. Além dos matchs iguais, os sinais +
representam aminoacidos diferentes, mas semelhantes. Score € a pontuacao do
programa para o alinhamento. Porém, estes valores ndo podem ser analisados
individualmente. E preciso utilizar como parametro principal de selecio o E-
value, que é o valor estatistico da probabilidade de o alinhamento acontecer por
acaso. Quanto menor este valor, menor a chance de que o alinhamento tenha
acontecido por acaso, e portanto, maior a chance de que este mostre uma
similaridade real, com significado biolégico.

Existem trés formatos possiveis para o valor de E-value: 0.0; 3e-35; e 0.14.
O formato 3e-35 significa 3 x 10-35, e portanto € muito mais préximo de 0.0 (zero)
do que 0.14. O quanto o alinhamento pode ser significativo depende também de
outras informacoes, mas normalmente sao utilizados valores de E-value menores
que le-5 (por exemplo: le-6, le-7, 1e-8 etc.). Valores de E-value maiores que le-
S, principalmente maiores que 0.001 ou le-3, podemos considerar como pouco
significativos estatisticamente para indicar uma possivel homologia. Isto nao
significa necessariamente que nao exista homologia, pois podemos estar
utilizando uma seqUiéncia parcial, de baixa qualidade ou ainda com um gene
ainda nao descrito, mas significa que estatisticamente nao existe “boa”
similaridade com os genes comparados. E preciso analisar diversos fatores para
inferir a homologia, e a restringéncia escolhida depende do anotador.

Filtro de regidao de baixa complexidade (filter — low complexity). Utilizado
para evitar alinhamentos em regidoes de baixa complexidade, como caudas poliA,
o default € que esteja acionado. Para uma analise mais cuidadosa, desmarcar
esta opcao pode trazer informacoes mais completas sobre o alinhamento.

O resultado do blast pode ser um 6timo indicador da identidade do gene, mas
ndo basta olhar o primeiro hit. E preciso analisar os principais resultados que
tenham bons E-values e verificar se existe concordancia nestes. Em alguns casos é
preciso verificar se os diferentes nomes encontrados nao se referem na verdade ao
mesmo gene.

Para confirmar a identidade, podemos utilizar outras ferramentas, como as
buscas facilitadas. Por blast para a identificacdo, e por palavras para padronizar
nomenclatura e definir alguns detalhes, como nome e simbolo corretos.

15.3. Classificar a proteina
(Como anotar| inicio )

As informacoées obtidas na identificacado ajudarao na classificacao do gene no
sistema adotado pelo projeto.

15.3.1. Pelo GO
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Para a classificacao pelo GO o primeiro passo € verificar a anotacao
automatica do GO, no ‘Blast automatico’. Mais do que olhar os resultados
automaticos, € importante analisar o a tela de resultado do blast (botao ‘BLAST
GO’). Com base nas informacodes de identificacdo e do Blast GO, pode-se fazer a
classificacdao buscando a melhor descricao possivel. Um bom local para encontrar
termos GO é a descricao do homologo no uniprot (através do link do resultado do
swissprot, verificar a calssificacao do iProClass, no final da pagina).

15.4. Detalhes importantes
(Como anotar| inicio )

E importante que a anotacdo seja bem feita desde o comeco, para evitar
desperdicio de tempo. Uma anotacao mal feita pode gerar ou frustrar expectativas
futuras, e mesmo que nao o faca, sempre vai custar tempo na correcdo. Dois
minutos gastos na confirmacdo de um numero EC ou no nome correto do gene
podem facilitar muito as analises futuras, da categoria de anotacao e mesmo na
identificacao de genes importantes para que se atinja o objetivo do projeto inteiro.

Nomes oficiais podem ser obtidos através de Swissprot, Entrez — gene, Enzyme
etc. Sempre que for definido o EC number é possivel buscar o nome oficial no
Enzyme. Para proteinas relacionadas a transporte, preencha o campo de numero
TC, caso a busca especifica traga bons resultados. Sempre descreva detalhes e
observacoes no campo ‘NOTEPAD’, e se for um visitante, no ‘GUEST NOTEPAD’.
Todas as interacdoes com o sistema de anotacao serao registradas.

Finalmente, ndo se esqueca da ‘SINALIZACAQO’. Avise o sistema sobre
importancia ou problemas nos genes. E muito mais facil detectar isto quando se
esta anotando o mesmo. Sempre atualize os dados depois de qualquer modificacao,
e finalize a anotacao do gene depois que tiver preenchido todas as informacoes
importantes que conseguir. Depois de algum tempo a anotacdo se torna mais
intuitiva e rapida, mas € preciso fazer uma boa anotacao desde o principio para que
se automatize o processo correto, e a anotacao seja sempre bem feita.

15.5. Anotacao metabdlica
(Como anotar| inicio )

Sera realizada posteriormente, provavelmente concomitantemente com o
porcesso de mineracao. Quando forem iniciadas as analises de vias metabdlicas, se
tornara clara a importancia das informacoes complementares ao nome do gene.
Dica: para busca de uma proteina que nao foi localizada inicialmente, a forma mais
facil € comparar por tblasn uma proteina homologa de um organismo proximo
contra o BD do projeto.

16. Sobre o sistema de anotacao LGE
inicio
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O sistema de anotacdo do LGE foi idealizado pelo grupo de Bioinformatica do LGE, sob
orientacdo e supervisdo do Prof. Dr. Gongalo A. G. Pereira. Comecou a partir da estrutura inicial do
projeto Xylella fastidiosa, e foi adaptado e melhorado para contemplar outros projetos genoma, como
Vassoura de Bruxa, Genolyptus, Humano — Céancer Cabega e Pescoco entre outros, até as atuais
adaptacdes especificas para os Projeto Genoma Vassoura de bruxa, Café e Camardo. O time atual de
bioinformatas do LGE conta com: Marcelo F. Carazzolle, Eduardo F. Formighieri, Gustavo G. Lacerda

Costa, Lucas P. Parizzi, Tais S. Herig e novos alunos que estdo chegando.

Manual redigido por Eduardo F. Formighieri (eduformi@Ige.ibi.unicamp.br).

Versdo da interface de anotacédo: 1.6.0.0
Versdo do Manual: 1.3.0.0

Sugestdes, criticas e contato através do e-mail: suporte@Ige.ibi.unicamp.br.

inicio
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Roteiro para anotac¢do do Genoma Camarao
[Identificacdo e sinalizacdo | Classificacdo | Padrdo de nomenclatura | Dindmica de anotacéo]

Laurival Vilas Boas' & Eduardo Fernandes Formighieri?
(Adaptado de texto inicial de: Laurival Vilas Boas, Elizabete K. Takahashi, Luiz Filipe Pereira)
'|B/UFBA (lavhoas@ufba.br) ; 2LGE/IB/JUNICAMP (eduformi@Ige.ibi.unicamp.br)

Salvar no Favoritos:

v' http://www.lge.ibi.unicamp.br/camarao
v’ http://psort.nibb.ac.jp/form.html (Predicédo de localizacéo celular)
v’ http://www.cbs.dtu.dk/services/NetPGene (Predicao de introns)

[inicio]

I. IDENTIFICACAOQ E SINALIZACAO

1.

Entrar na pagina de anotacdo: http://www.lge.ibi.unicamp.br/camarao
1.1. No menu lateral: Anotacdo/Interface de anotacao. Entrar com login/senha de acesso web.
1.2. Na pégina lista de clusters, entrar com login/senha de anotador.
Selecionar cluster, e na pagina de anotacao do contig, fazer as seguintes analises para definir a identidade do
cluster e algumas informac6es para sinalizar:
BLASTX (clicar no link com o0 nome do gene).
3.1. Verificar se o Organismo do primeiro hit confere com o encontrado na pagina. Corrigir a entrada de
“Organismo homdlogo”, se necessario.
3.2. Verificar possibilidade de contaminagéo
Caso os resultados do BlastX apresentem similaridade somente com organismos procarioticos,

provavelmente o cluster seja uma contaminagdo. Para confirmar, verificar o BlastN. Se for realmente um
contaminante (hit forte com blastn), marcar o campo apropriado e anotar somente o produto (verificacdo pelo
blastn mesmo). Abrir a montagem do contig (No view — colocar a lista de reads no notepad) e escrever
justificativa.

Ex. de justificativa: “Provavel contaminacdo. Sequéncia similar a diferentes bactérias sem

correspondentes em eucariotos nos resultados de blasts.”

4.

Se néo for contaminante, seguir com a identificacdo do produto.

3.3. No resultado do BlastX

A Observar melhor hit e comparar com os subseqientes.
B. Confirmar o frame correto dos alinhamentos

CD-SEARCH - Fazer busca facilitada utilizando o frame do blastx

4.1. Verificar E-values, copiar o melhor dominio (na duvida, utilize o pfam) (ex: pfam00639, Rotamase,
PPIC-type PPIASE domain.) e colar no campo dominio.

4.2. Verificar se dominios com nomenclatura diferentes (pfam, Smart e COG) correspondem ao mesmo
dominio. Neste caso dar preferéncia ao pfam, sem necessidade de colocar os outros.

4.3. Caso haja mais de um dominio e estes ndo estejam relacionados (ou seja, ndo sdo versdes da mesma
coisa em BDs diferentes), copiar todos um representante de cada tipo e colar no campo de dominios em
linha s distintas, separados com ponto e virgula (;) e ponto ap6s o Gltimo dominio. Ex:

A pfam00639, Rotamase, PPIC-type PPIASE domain;
Cd00171, fulanase, full domain.

4.4, Quando o dominio estiver incompleto, descrever o dominio e colocar entre paréntese a palavra
incomplete. EX:

A pfam00639, Rotamase, PPIC-type PPIASE domain (incomplete).

4.5. Note que um mesmo dominio pode estar presente em proteinas com funcdes distintas, portanto o
dominio sozinho nem sempre pode definir a proteina.

SWISSPROT - utilizar blast automatico SWISSPROT

5.1. Observar o melhor hit e clicar no link do mesmo que remetera ao UniProt.
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10.
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5.2. Comparar os principais resultados de BLASTX, CD-SEARCH e SWISSPROT. Se a informacéo ¢
suficientemente clara, e coerente entre as diferentes fontes, copiar o nome do produto do gene para o
campo “PRODUTO”.

5.3. Copiar as informacdes do campo “Function” do UNIPROT para o campo “FUNCAOQ” da interface de
anotacéo.

5.4. Caso a informacgdo ndo seja suficiente para a descricdo da funcéo, utilizar andlises adicionais, como
blast TC, KEGG, PSORT etc. para a tomada de decisdo. Da mesma forma, utilize as buscas por palavra
chave para definir a melhor nomenclatura nos casos de nomes diversos. O ideal € utilizar o nome oficial
do UNIPROT (quando for possivel defini-lo).

EC NUMBER

6.1. Pode ser encontrado principalmente atravées de informacgdo do UNIPROT, NCBI-Gene, busca ho KEGG
e busca no ENZYME.

6.2. Utilizar a classificacdo do ENZYME é particularmente interessante, para definir em que nivel é
possivel afirmar a classificacdo do gene. Ou seja, se ndo tem certeza da especificidade da funcdo, utilize
uma classe acima da classificag&o.

6.3. Para colocar a informacgéo na interface de anotagdo, utilize sempre quatro (4) campos separados por
pontos, definindo a classe de acordo com o que consegue afirmar com seguranga. Ex:

A 3.17.1.15 (EC number completo) ou 3.7.1.-

6.4. Muito cuidado ao utilizar o EC Number, pois um mesmo EC # pode ser utilizado para varias
subunidades, ou mesmo proteinas semelhantes. Ou seja, o EC por si ndo identifica um gene, embora
identifique a funcdo. Busque encontrar a funcdo correspondendo ao seu gene, mas ndo utilize um EC
number encontrado para definir quem é seu gene.

SIMBOLO

7.1. Preferencialmente encontrado no UNIPROT. Também existe boa definicdo de simbolos no NCBI-Gene
(chamado 14 de “gene name”).

7.2. Quando ndo se conseguiu definir com boa precisdo o produto do gene, ndo colocar nada no campo
simbolo.

7.3. Nem sempre existe consenso claro sobre o simbolo. Um simbolo que sé existe num organismo tem
grande chance de ser apenas a nomenclatura do ORF utilizada no dado genoma, ndo se trata do simbolo
gue queremos descrever aqui.

A Ex. classico do que ndo deve ser utilizado sdo os genes de A. thaliana, que seguem
nomenclatura no padréo: At4g38740.

7.4. Utilizar preferencialmente o padrdo de trés (3) letras, sem numeros posteriores, que normalmente
representam a sequiéncia dos genes no genoma, que ndo corresponde necessariamente a seqliencia do
nosso genoma. Excecdo feita a genes com nomenclatura tipica, como os genes relacionados a cadeia
respiratoria: cox1, cox2, cox3, nad4, nad5 etc.

INFORMACOES COMPLEMENTARES - para serem colocadas no NOTEPAD

8.1. Utilizando as informacbes do UNIPROT, buscar as informa¢fes do campo Comments, e copiar itens
relevantes como: Catalytic activity; Enzyme Regulation; Subcellular location; Tissue Specificity.

8.2. O numero de acesso no UNIPROT.

TC NUMBER

9.1. Avaliar o resultado do blast TC e preencher o campo TC NUMBER, se preciso.

OUTROS SINALIZADORES

10.1. Seq. Cod. Parc. — Seqiiéncia codificadora parcial

A Deve ser marcado quando a regido do alinhamento ndo inclui todo o gene similar,
potencialmente homdlogo. Diz respeito a regido seqiienciada.
B. Se faltar uma pequena regido no inicio e/ou no fim do gene, e havendo bases suficientes no

cluster para cobrir a regido faltante do gene, ndo é necessario marcar o cluster como seqiéncia
codante parcial.
10.2. Intron — indicador da presenca de intron
A. Deve ser marcado quando houver indicio da presenca de intron no cluster. Isto pode ser
observado nos resultados de blast.
10.3. Full Length — o clone possui toda regido codante
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A Deve ser marcado quando a regido do alinhamento possui a regido codante do inicio do gene
similar (potencialmente homologo). Isto porque o método de obtencdo dos ESTs utilizado sempre
inclui a regido terminal do cDNA (utilizado primer poli-T).

B. Se faltar uma pequena regido no inicio do gene, e havendo bases suficientes no cluster para
cobrir a regido faltante do gene, o cluster pode ser considerado Full Length.

10.4. Top Gene

A. S6 deve ser marcado quando houver certeza de que o gene é importante para 0s objetivos do

projeto. Quando encontrar genes relevantes, comunicar seu selecionador.

10.5. Cluster problem
A. Indicador de montagem parecendo errada, frameshift, quimeras etc.

[inicio]
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Il - CLASSIFICACAO

11. GO

11.1. A classificagdo GO deve ser coerente com a identificacdo do produto do gene.

11.2.  Observar o Blast GO e a classificacdo GO do gene homologo no UNIPROT e no NCBI-Gene.

11.3. Esta informacédo devera ser utilizada como base para a determinacdo do nivel de classificacéo
GO que vocé consegue afirmar para o cluster que esta sendo anotado. Na ddvida, utilize uma
classe mais geral, um nivel acima.

11.4. Para verificar a arvore, utilize o link no proprio termo da pagina, colocado automaticamente.
Caso nado tenha havido nenhum hit, utilize a ferramenta AmiGO: http://www.godatabase.org/cgi-
bin/amigo/go.cqgi para percorrer as arvores de classificacdo ou fazer buscas por palavra, e definir
as classes a serem anotadas.

11.5. Procure sempre preencher ao menos um termo em cada um dos trés (3) campos (componente
biolégico, funcdo molecular e processo biolégico). Se o processo/funcdo/componente for
desconhecido (exemplo de todos os casos de “Expressed protein” e “Conserved expressed
protein”), marque o termo GO apropriado segundo informacéo abaixo:

A. GO0:0008372 cellular component unknown
B. G0:0005554 molecular function unknown
C. G0:0000004 biological process unknown

11.6. Nos casos em que ndo consegue se decidir sobre a classificacdo, mas conseguiu definir a
identidade do gene, deixe o referido campo em branco, e explique no notepad a sua divida.

11.7. Para preencher a informacdo de termo GO na pagina, sempre utilize copiar/colar. Copie o
termo inteiro (por ex.: GO:0005634:nucleus) e cole nos campos correspondentes, deixando no
campo “GO ID” o trecho do ID (ex.: GO:0005634 ou 5634) e no campo “TERMO” 0 nome exato
do termo (ex.: nucleus).

5 [inicio]
111 - PADRAO DE NOMENCLATURA

12. PRODUTO - nome do produto do gene
12.1. amino transferase — quando encontrar similaridade com o gene correspondente dentro dos
critérios discutidos anteriormente. Preferéncia para nome oficial, segundo UNIPROT.
12.2. conserved expressed protein — quando é similar a outras proteinas hipotéticas (expressed
protein, hypothetical protein, unknow protein, etc.)
12.3.  expressed protein — quando ndo encontra nenhuma similaridade nos bancos de dados (no hits
found).
12.4.  Sempre comecar em letra mindscula e sem ponto final.
13. SIMBOLO
13.1.  Em principio, trés letras mintsculas sem numero seqtiencial. Nos casos de nomes classicos
bem definidos, como atp6, atp8, cox3, utilizar o0 nome contendo o nimero. Na duvida, utilize
apenas as 3 letras.
A. Ex. de simbolos: roc, cox2, fur.

[inicio]
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IV — SUGESTAO DE DINAMICA DE ANOTACAO

ANIAN

ANIAN

AN

Abrir a interface de anotagdo do cluster que ird anotar.
Abrir a pagina do blastX estético.
v Verificar contaminacao.
v" Se for um contaminante, preencher os campos devidos e finalizar.
v Observar os nomes dos genes localizados e verificar a coeréncia dos dados.
v Verificar e corrigir se necessario o campo do Organismo Homdlogo.
v Verificar o frame do gene.
Fazer analise de CD-Search
v"Analisar o alinhamento dos dominios encontrados e preencher o campo.
Na pagina da estrutura do Cluster (View) verificar:
v" A qualidade da montagem ou do singlet;
v Os tipos de reads presentes no contig
v segundo a nomenclatura — espécie, cepa, estratégia etc.
Abrir a pagina do blast SwissProt e observar os nomes dos genes localizados.
Baseando-se na coeréncia do resultado dos blasts, no resultado da presenca dos dominios e do Blast
SwissProt, tomar a decisdo quanto a identificagcdo do gene.
Inserir a fungdo descrita para o produto do gene.
Para a definicdo do EC Number, utilizar os dados do swiss prot, NCBI-Gene, busca no ENZYME e o
blast vs KEGG.
Preencha o campo de simbolo do gene utilizando de preferéncia aqueles descritos no SWISSPROT.
Sempre que utilizar o SWISSPROT para anotar, coloque no notepad o numero da entrada do
homoélogo.
v" O simbolo pode ser localizado ainda em outras bases como EC number e NCBI.
Quando o gene indicar funcdo no transporte de moléculas, fazer a pesquisa na base do TC number e
lancar no campo apropriado.
v Verificar o Blast automatico contra TCDB. Em caso de macth significativo, analisar o blast e a
coeréncia com os demais dados. Completar a anotacéo.
Finalmente fazer o levantamento do GOs. Para isto considerar os GOs automaticos, aqueles presentes
na descricdo do homélogo, SWISSPROT e outras bases e preencher a classificacéo.
Sempre que necessario preencher os itens no campo de sinalizacao.
Sempre que for possivel selecionar os campos especificos na categoria.
Finalizar a anotacao.

[inicio]
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7.6. ANEXO F. Registro de patente do programa Gene Projects.

- i . r— prolocalo —I
BN ‘
A
PEDIDO DE REGISTRO DE
PROGRAMA DE COMPUTADOR F

DIRTEC _

FIDEN

Namero do Pedido ;

57290

Uiy ||

[Tem oulrofs) programais) registrado(s) no INPI? ISIM NAO X | CIC I N° INPI l 2i 8|9 I8 I' 7iolsl gi 5l8 7; ] i |
NomeCivil  |GIO[NIGIAILIO| (AIM|A] iAiN|T[E]%Gi.U[lf;MiA:R;AIEESIiPiE!RIEE|§RE
g 4 3 % Bk 85 £ b4 b bt L d L koo b fFE ] g

(completa) B 8 3 4
vhe " 3 AL L EREE R B ER. Data de Nascimento ] 212|0!7]1 96| 4|
[ Noms Abreviado, Pseudonimo ou Sinal Convencional (sehouver) | | | 1 L 1 1 Db D120 q !
| Nacionalidade |B R A S!I 'L Ell RIA! | |
|Endereco |[RiU/A: [FIRIAIN!CIISICIO] (HIU|MIBIE|RITIO! lziu PiPiIji8:i1]6]  (il]
- ; B Rk |
Cidade |CAMPIINAISL [ 111 || '] urlsipl cer|1isioisi3|3is|0]
|cod Pais [B R| Telefone|1/9. 3'2:8 9.3,3,3,6 IFAX SEEEDEENE S
|E-mail |gloin .cia{liol@lu inli ol imp iblelf { {1 11 i [111]
L[_\]O de Autores [0 | 5| Se mais de um, preencha a "Continuagio”, com todos os dados solicilados neste Quadro. Date e assine.

Pessoa | [ Jrisica [X] duridica I Se Pessoa Juridica, assinale abaixo, a melhor classificagao.

111 - Orgao Piblico [ 12 - Empresa Estatal [J 13- Microempresa [ 14 - Software House
[ 15 - Instituicdo Phblica de Ens. ou Pesquisa [] 16 - Instit. Privada de Ens. ou Pesq. [] 98- Outras

| Tem autro(s) programa(s) registrado(s) no INPI? | SIM[] NAO[ ] | CIC/CGC/N*INPIj416/0l6/814]2/5 0/0]0]1]3{3]

| Nome Civil ou Razéo Social JUIN{IIVIEIRISIIIDIAID|E] |E|SITIA|DIUIAIL] IDIEl [ClAIMIP]I]

- NN EEEERER RN Datade Nascimento| | | | | [ | | [
| Nome Abreviado, Pseuddnimo ou Sinal Convencional (se houver) JUIN{IIciafmiPi il i1 ]]
Lo 2 1 5] Nacionalidade| { I { i {1 b1 1 1 |]

|Enderego | Clt [DIAIDIE] JUINII|VIEIRIS!IITIAIR] (Al |ZIEIFIEIRII[NG IviAlz] | | | |
|Cidade|c|amiP[iiNtAls] {11111 ]Jur]sip|cEP|1i3lols]4a]ai7]1]
_[CédPais|B§R|Ta[sronefui1|9; iaj7]l8]slslol1]5] Fax]ol1]9] |3]7|8lsislol3]0]

|E-mail [cliirlol@]ulnfilclaimipl.fofrf ji{ it iIlIL]I1]

| N° de Titulares ]0j1] Se mais de um, preencha a "Continuagdo”, com tados os dados solicitados neste quadro. Date e assine.
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[Truo JelE|NIE] PiRIOJJIElCITS] [ | ¢ f o b b tL bbb L E
@tadeCriagéodoProgramai2i2l0j9|2i0]0|3|

|Linguagens [PIEIRILE | 11 | ! [ PPVIR G ¢ d a0 b dd by &40 |
Modificagdo Tecnolégica Eijvtg_gnvag;ao? [SIM[:I NAO [X] ]

|TitulodoProgramaOriginal | | b 1 | { | I J [ ittt dtptiitiit|

Registro composto por outra natureza de ordem intelectual? | SiM |:| N AD]E lSe SIM, assinale a(s) natureza(s) abaixo
[ Literaria [J Musical [] Artes Plasticas [J Audio-Visual [] Arquitetura [ Engenharia _

| Classificagao do Campo de Aplicaggo [B i L {- [0l2|clol- 02| [Fidof1 |1 'Fldol7] | i} | |
|Clas_siﬁca(;éodoTipodergmmﬂ IG-‘l E-JU?‘IIG !|;_ggf2|G;];,§g I3 ].chi-ig;”i L E E |

Codigo Quant. Nome Codigo Quant. Nome .
01 01 Guia de Recolhimento 05 I__1 | Contrato de Trabalho/Prestagio de Servigo
02 01 Procuracdo 06 10 Envelope
03 05  Termo de Cesséo 89 04  Outros(especificar) DADOS DOS

OUTROS 04 AUTORES

04 [t | Termo de Autorizagac para
Modificagdes Tec. ou Derivagdes

DECLARQ, PARA TODOS OS FINS DE DIREITO:

A) que estou ciente de TODAS AS RECOMENDAGOES constantes do “Manual do Usuario de Registro de Programas de
Computador”, ESPECIALMENTE NO QUE TANGE AQ TITULO E AOS DOCUMENTOS DO PROGRAMA, bem como da
legislag3o pertinente 2o assunto, constante dos anexos "A” ; “B”; “C”; "E" e "F", do referido Manual;

B) que se deixar de sclicitar a prorrogacéo do sigilo, nos casos necessénos estarei desistindo desse cardter de guarda dos
documentos de programa do presente depdsito, na forma do art. 4°, § 3°, da Lei 7646, de 18 de dezembro de 1987;

C) que, se devido & qualidade do papel ou & qualidade grafica dos documentos sigilosos anexos ao presente, houver
delerioragdo ou perda de seu centeddo, nenhuma responsabilidade caberd ao INPI, desde que mantida a inviolabilidade dos
invélucros (ressalvadas as hipoteses de serem abertos por ordem judicial ou motivo de forga maiar;

D) que em caso de perda do SIGILO ou dos documentos, por culpa exclusiva do INPI, a indenizacdo por perdas e danos,
porventura cabivel, estara limitada a 20 (vinte) salarios minimos;

E) que devo manter guardado, em seguranga e inviolado, 0 COMPARTIMENTO “3" do invélucro especial para depdsito, que é

" restituldo pelo INP, para fins de recomposi¢io do arquiva do Instituto, no case de sua destruigdo total ou parcial por algum
tipo de sinistro;

F) que deversi manter enderego atualizado junic ao Servigo de Registro de Programas de Computador, a fim de garantir o
recebimento das comunicagdes relativas ao andamento do meu pedido/registro, ressalvando o INPI de qualquer
responsabilidade decorrente da nfic observagédo deste preceito.

| Cadigo do Procurador | TR
[Nome|M AR 1A} |C|RII s T IINJALjvialLlim] iLio|ulrR|EINICIOl lc|oIMIEfSI |11}
[UF _ |SiP | Telefone|0i1/9] (3]7i8{8l4[7]7[1]

IDECLARO; S

Local/Data Campinas,SP, 08.01.2004 Assinatura/Carimbo [~

4 sl
xaria Cristina Vallm Lourengo Gomes

Procuradora de Unlversidade Subchefe
Marricula n.° 193861
OAB/SP n.° 99243-B



Utilize este ANEXO, em quantas folhas forem necessarias, para
complementar as informacgdes dos formularios “Pedido de Registro de
Programa de Computador” e “Folha de Petigdo” (DIRTEC).

DADOS DOS OUTROS AUTORES DO PROGRAMA

Tem outro programa registrado no INPI — NAO

CIC n° 190.397.088-19

Data de nascimento: 22.07.64

Nome civil (completo) — EDUARDO FERNANDES FORMIGHIERI
Nome abreviado — NAO TEM

Nacionalidade - BRASILEIRA

Endereco — RUA DA FAZENDA, 155, CASA 26, CONDOMINIO BAMBUS
Cidade — SUMARE

UF — SP

CEP —13175-658

Caéd. Pais — BR

Telefone — 0 XX 19 9611.4957

FAX — NAO TEM

E-Mail : eduformi@I|ge.ibi.unicamp.br

N° DE AUTORES: 05

Campinas, SP, 08 DE JANEIRO DE 2004.

I( /A
Un E”i e Sub( efe
mr.uradora de ‘\" dad

Matrlcula n.
OAB/SP 1.2 99243-B
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7.7. ANEXO G. Participac0es e colaboragdes atuais em manuscritos em diferentes fases
de redacéo.

7.7.1. Evaluation of the Genome Sequence of Moniliophthora perniciosa, the

Causative Agent of Cacao’s Witche's Broom Disease (sendo redigido)

Jorge M. C. Mondego, Marcelo F. Carrazzolle, Eduardo F. Formighieri, Gustavo G. C. Lacerda,

Ramon O. Vidal, Lucas P. Parizzi, Johana Rincones, Ricardo A. Tiburcio, Leandra M. Scarpari,
Maricene Sabha, Carolina Cotomacci, Tais S. Herig, Dirce M. Carraro, Aristoteles Gées-Neto,
Luciana V. Barbosa, Mariza S. Gongalves, José P. Moura Neto, Karina Gramacho, Lyndel W.

Meinhardt, Julio Cezar M. Cascardo, Gongalo A. G. Pereira*.

7.7.2. Differential gene expression of the biotrophic and saprotrophic mycelia of the
Witches” broom hemibiotrophic pathogen Moniliophthora perniciosa (sendo

redigido)

Johana Rincones, Leandra M. Scarpari, Marcelo F. Carazzolle, Robson Dias, Joan G. Barau,
Eduardo F. Formighieri, Bruno V. Oliveira, Jorge Mondego, Julio Cascardo, Ricardo A.
Azevedo, Lyndel W. Meinhardt, and Goncalo A.G. Pereira.

Abstract: With the object of acquiring a better understanding of the molecular mechanisms
involved in the fungal pathogenesis during the development of Witches’ broom disease of cacao,
we performed DNA microarrays and EST analyses of the biotrophic and saprotrophic stages of
M. perniciosa. For the EST analysis, three unsubtracted full-length cDNAs libraries were
constructed: glucose- and cacao-induced saprotrophic mycelia and cacao-induced biotrophic
mycelia. 3650 accepted reads of all four libraries were clusterized producing 1427 unigenes. 534
of these unigenes (36%) showed significant similarity (E-value < 1E-05) with protein sequences
in public databases. The DNA microarray analysis was performed for 2,304 fragments obtained
from the genomic DNA libraries of the Witches” Broom Genome Project, and which were
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selected based on their sequence similarity to pathogenicity genes of other pathogens. These
fragments were hybridized with probes prepared from total RNA of the biotrophic and
saprotrophic mycelia of M. perniciosa, induced with cacao extracts. The induced genes in the
saprotrophic phase mycelia were mainly involved in oxidative phosphorilation and
production/degradation of reactive oxygen species (ROS), in addition to toxins with antifungal
properties and enzymes involved in lignin degradation. The analysis of genes expressed during
the biotrophic phase also included several involved in ROS production and genes showing
significant similarity to proteins involved in the Hypersensitive Response of plants, such as
Prohibitins and Stomatins. Additionally, numerous proteases and peptidases were found to be
expressed in the biotrophic mycelia, probably involved in pathogen defense against the plant
defense systems. Differential expression of selected genes was confirmed by reverse northern and
Real Time-PCR analyses. These results contribute to the overall understanding of the molecular
mechanisms underlying the plant-pathogen interactions governing witches’ broom disease and
has aided in the identification of possible drug targets. This work is part of the on-going M.

perniciosa Genome Project.

7.7.3. An Alternative Oxidase is Preferentially Expressed in the Biotrophic
Mycelium of the Hemibiotrophic Fungal Pathogen Moniliophthora perniciosa,

causal agent of Witches’ Broom Disease of Cocoa (sendo redigido)

Daniela P. T. Thomazella, Johana Rincones, Odalys Garcia, Elzira Saviani, lone Salgado,
Ricardo A. Tiburcio, Eduardo F. Formighieri, Lyndel W. Meinhardt, Gongalo A. G. Pereira.

Abstract: The hemibiotrophic fungus Moniliophthora perniciosa is the causal agent of witches’
broom disease of cocoa. Fungicides containing Cytochrome-dependent Respiratory Chain (CRC)
inhibitors have proved unsuccessful to control the disease. The M. perniciosa Genome Project
has led to the identification of a putative gene homologue of an alternative oxidase protein
(AOX) and its activity could account for the fungal resistance against these inhibitors. This work
aimed to study the activity and transcriptional regulation of the AOX from M. perniciosa. AOX

expression during the biotrophic and saprotrophic stages of the fungus was analyzed through
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Reverse Transcription-PCR. Additionally, AOX activity was verified by measuring the rate of
oxygen consumption in the presence of inhibitors of CRC and AOX (Strobilurin and SHAM,
respectively). Although detected in both stages, AOX expression was significantly higher in the
biotrophic phase. Moreover, Strobilurin inhibited oxygen consumption of the saprotrophic
mycelium by 70%, indicating that CRC is the predominant respiratory pathway during this stage.
In contrast, respiratory activity of the biotrophic mycelium was insensitive to Strobilurin and
highly inhibited by SHAM, with AOX activity accounting for about 90% of the oxygen
consumption. Plants are known to produce large amounts of Reactive Oxygen Species (ROS) and
Nitric Oxide (NO) (a CRC inhibitor) in response to pathogen invasion. During Witches” Broom
disease, this situation would correspond to the biotrophic phase of M. perniciosa. Therefore,
AOX, which is a NO insensitive protein that is able to stall ROS production, could contribute to

pathogen resistance to the plant defense mechanisms

7.7.4. Multidrug resistance-associated-like proteins (MRP) from ATP-binding
cassette (ABC) transporters induced in citrus plants (submetido a “Genetics and

Molecular Biology”)

Alexandre Morais do Amaral, Juliana Cristina Baptista, Eduardo F. Formighieri, Daniel Saito,

Edenilson Rabello, Adriane N. de Souza, Maria Estela Silva-Stenico, and Siu Mui Tsai.

Abstract: The multidrug resistance-associated proteins (MRP), a subfamily of the ATP-binding
cassettes (ABC) transporters, represent one of the most numerous transporters in all living
organisms. However, there is no report on these transporters in citrus plants to date. On another
hand, many of their substrates have been identified in other plants, including both organic and
inorganic compounds and MRP proteins have been shown to play a role in plant detoxification
processes as well as in stress response. Here, to obtain genetic information on citrus, we
constructed a cDNA library from various citrus species and tissues and identified the genes
expressed through the construction of expressed sequence tags (EST) libraries. We used cDNA
sequencing and alignment-based annotation of genomic sequences to identify putative MRP

genes. Although the search found 488 ESTs, which were assembled into 62 contiguous
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sequences, we have identified only two proteins highly homologous to members of the MRP
subfamily. One of these clusters was found to be expressed in various citrus species (Citrus
aurantium, C. aurantifolia, C. reticulata, C. sinensis, C. latifolia and Poncirus trifoliata) and
tissues (leaf, fruit, seed, bark, and root). Interestingly, the other cluster was constructed only with
cDNA from leaves of three species (C. reticulata, C. aurantifolia, and C. latifolia), indicating a
more restricted expression, based on organ and species. Both MRP-like clusters contained two
copies each of the nucleotide-binding domains and one copy of transmembrane domain, which
are located in the C-terminal. The best protein homology was found with AtMRP10 and
AtMRPG6, to which no functional role has been identified so far. The characterization of these
clones may indicate in citrus important roles in detoxification and stress response as well as in
growth and developmental processes. To our knowledge, this is the first report on MRP-like

proteins in citrus species.

7.7.5. Pleitropic drug resistance (PDR)-like proteins induced in citrus (submetido a

“Genetics and Molecular Biology”)

Alexandre Morais do Amaral, Daniel Saito, Eduardo F. Formighieri, Edenilson Rabello, Adriane

N. de Souza, Maria Estela Stenico, and Siu Mui Tsai.

Abstract: Pleiotropic drug resistance (PDR) proteins, a subfamily of the ATP-binding cassette
(ABC) transporters, have been recently shown to play a role in plant defense against biotic and
abiotic stresses. However, nothing is known about their expression in citrus. In order to
investigate the occurrence of PDR homologues in citrus species, we have surveyed the EST
sequences from different tissues and conditions of the citrus expressed sequence tags (CIitEST)
database, through sequence similarity search analyses and inspection for characteristic PDR
domains. Multiple sequence alignments and prediction of transmembrane topology were
additionally performed. The identification of seven putative proteins showing characteristic PDR
features in tissues under stress,conditions indicate a potential correlation between PDRs and
defense mechanisms in citrus. To our knowledge, this is first report of PDR gene expression in

citrus.
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7.7.6. Structure of Genetic Diversity among Common Bean (Phaseolus vulgaris L.)
Varieties of Mesoamerican and Andean Origins Using New Developed

Microsatellite Markers (submetido a “Genetics Resources and Crops Evolution™)

Luciana Lasry Benchimol*, Tatiana de Campos, Sérgio Augusto Morais Carbonell, Carlos

Augusto Colombo, Alisson Fernando Chioratto, Eduardo Fernandes Formighieri, Ligia Regina

Lima Gouvéa and Anete Pereira de Souza.

Abstract: A common bean genomic library was constructed using the ‘IAC-UNA’ variety
enriched for (CT) and (GT) for microsatellite motifs. From 1,209 sequenced clones, 714 showed
microsatellites distributed over 471 simple and 243 compound motifs. GA/CT and GT/CA were
the most frequent motifs found among these sequences. A total of 123 microsatellites has been
characterized. Out of these, 87 were polymorphic (73.7%), 33 monomorphic (26.8%), and 3
(2.4%) did not amplify at all. In a sample of 20 common bean materials selected from the
Agronomic Institute Germplasm Bank, the number of alleles per locus varied 2 to 9, with an
average of 2.82. The polymorphic information content (PIC) of each marker varied from 0.05 to
0.83, with a 0.45 average value. Cluster and principal coordinate analysis of the microsatellite
data were consistent with the original assignment of the germplasm accessions into the Andean
and Mesoamerican gene pools of common bean. Low polymorphism levels detected could be
associated with the domestication process. These microsatellites could be a valuable resource for

the bean community because of their use as new markers for genetic studies.

7.7.7. Characterization of twenty dinucleotide microsatellite loci for common bean
(Phaseolus vulgaris L.) (sendo redigido)

Tatiana de Campos, Luciana Lasry Benchimol, Sérgio Augusto Moraes Carbonell, Alisson

Fernando Chioratto, Eduardo Fernandes Formighieri, and Anete Pereira de Souza.
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Abstract: Common bean (Phaseolus vulgaris L.) is an important legume food in the world. We
identified and characterized twenty microsatellite loci in common bean. An enriched library was
constructed and screened for two microsatellite repeat sequences (CT and GT). Microsatellite
PCR-amplification was tested for 14 accessions of the IAC Germplasm Bank, including Andean
and Mesoamerican gene pools. The allele number ranged from one to three, and the
polimorphism information content (PIC) between 0.14 and 0.65. These polymorphic loci can be
used for genetic and QTL mapping, marker-assisted selection and germplasm characterization in

common bean.

7.7.8. Development, characterization and comparative analysis of polymorphism at
common bean-SSR loci isolated from genic and genomic sources (submetido a

“Genome”)

Luiz R. Hanai, Tatiana de Campos, Luis E.A. Camargo, Luciana L. Benchimol, Anete P. de
Souza, Maeli Melotto, Sérgio A.M. Carbonell, Alisson F. Chioratto, Luciano Consoli, Eduardo F.

Formighieri, Marcos V.B.M. Siqueira, Siu M. Tsai and Maria L.C. Vieira.

Abstract: Microsatellites or SSR (Single Sequence Repeats) have been used to construct and
integrate genetic maps in crop species, including Phaseolus vulgaris. In the present study, three

cDNA libraries generated by the Bean EST project (http://lgm.esalq.usp.br/BEST/) comprising a

unigene collection of 3,126 sequences and a genomic microsatellite-enriched library were
analyzed for the presence of SSR. A total of 219 EST were found to carry 240 SSR (hamed EST-
SSR), whereas 714 genomic sequences contained 471 SSR (named genomic-SSR). A subset of
80 SSR, 40 EST-SSR and 40 genomic-SSR, were evaluated for molecular polymorphism in 23
genotypes of cultivated beans from the Mesoamerican and Andean genetic pools, including
Brazilian cultivars, and two related species. Of the common bean genotypes, 31 EST-SSR loci
were polymorphic, yielding 2-12 alleles compared with 26 polymorphic genomic-SSR,
accounting for 2-7 alleles. Cluster analysis from data using both genic and genomic SSR revealed
a clear separation between Andean and Mesoamerican beans. The usefulness of these loci for

distinguishing bean genotypes and genetic mapping is discussed.



7.8. ANEXO H. Cursos e palestras durante o periodo de trabalho no Laboratorio de
Bioinformatica do LGE/IB/JUNICAMP.

(informacdo do menu cursos da pagina http://www.lge.ibi.unicamp.br/bioinfo)

CURSOS

2006

Como el proyecto genoma
modifico la investigacion en

The 2nd International Seminar on
Genomics,Proteomics,Bioinformatics and Systems

Brasil: de Xylella fastidiosa

Biology, Universidad del Cauca, Popayan (Cauca) —

a Genolyptus

Genomica v Bioinformatica
Aplicada a un Caso de
Escoba de Bruja en el

Cacao

Mini Curso de anotacédo de
ESTs de Crinipellis
perniciosa

Mini Curso de anotacao de
ESTs de Camaréo

Colombia

The 2nd International Seminar on
Genomics,Proteomics,Bioinformatics and Systems
Biology, Universidad del Cauca, Popayan (Cauca) —
Colombia

LGE - UNICAMP

Universidade Federal de Sao Carlos

Eduardo F.
Formighieri

Eduardo F.
Formighieri

Eduardo F.
Formighieri

Eduardo F.
Formighieri,
Marcelo F.
Carazzolle

2005

| Curso de Bioinformatica

Palestra Bioinformatica do
Projeto Vassoura de Bruxa

Curso Ferramentas de
Bioinformatica

Palestra e treinamento
sobre anotacao de genes

Palestra Projetos Genoma

Universidade Federal de Lavras, Lavras, MG.

Workshop da Vassoura de Bruxa, Universidade
Estadual de Santa Cruz, Campus Soane Nazaré de
Andrade, UESC, lIhéus, BA.

XXIII Congresso Brasileiro de Microbiologia,
Sociedade Brasileira de Microbiologia, Mendes
Convention Center, Santos, SP.

Intensivo para Anotagéo de Genes do Genoma Café,
Embrapa Café, Brasilia, DF.

Curso Introducgdo a Ferramentas de Bioinformatica,
FIOCRUZ - Centro de Pesquisa René Rachou, Belo
Horizonte, MG.

Eduardo F.
Formighieri,
Marcelo F.
Carazzolle

Eduardo F.
Formighieri

Eduardo F.
Formighieri

Eduardo F.
Formighieri

Eduardo F.
Formighieri


http://www.lge.ibi.unicamp.br/bioinfo/estrutura/cursos/genoma_en_brasil_xylella_genolyptus.pdf
http://www.unicauca.edu.co/seminariobio2006/conferencias.html
http://www.lge.ibi.unicamp.br/bioinfo/estrutura/cursos/genomica_y_bioinformatica_cacao(2).pdf
http://www.unicauca.edu.co/seminariobio2006/conferencias.html
http://www.lge.ibi.unicamp.br/lavras2005/
http://www.lge.ibi.unicamp.br/cafe
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2004

Bioinformatica: Palestra e
treinamento préatico

Bioinformatica: Palestra e
treinamento prético

Bioinformética e Anotacdo

Bioinformatica e Anotacao
do Projeto Genoma
Vassoura de Bruxa:

Palestras e treinamento
pratico

Aplicaciéon de Herramientas

Bioinformaticas para el
Andlisis Avanzado de
Secuencias Gendmicas

Mini-curso da genémica a
biotecnologia

Mini-curso tedérico-pratico:
Bioinformética

Disciplina de graduacao Biodiversidade e
conservacdo: um enfoque molecular, CENA/USP,

Piracicaba, SP.

Disciplina de pés-graduacéo Ecologia Experimental
de Microrganismos, CENA/USP, Piracicaba, SP.

Disciplina de pds-graduacdo em genética e Biologia
Molecular, Instituto de Biologia/lUNICAMP, Campinas,

SP.

Laboratorio de Biologia Molecular e Propagacéo de
Plantas, FESP/UEMG, Passos, MG.

CABBIO/CBAB (Centro Brasileiro Argentino de
Biotecnologia), Instituto de Biotecnologia, Universidad
Nacional de Colombia, Bogota, Colémbia.

IV Semana de Quimica da UNICAMP, All
Quimica/CAEQ e Sociedade Brasileira de Quimica,

Campinas, SP.

V Semana da Biologia, Curso de Ciéncias Biolégicas

EFOA/CEUFE, Alfenas, MG.

Eduardo F.
Formighieri

Eduardo F.
Formighieri

Eduardo F.
Formighieri

Eduardo F.
Formighieri,
Marcelo F.
Carazzolle

Eduardo F.
Formighieri

Eduardo F.
Formighieri

Eduardo F.
Formighieri


http://www.lge.ibi.unicamp.br/bogota2004
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