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Resumo VI

RESUMO

Este trabalho visa descrever as tecnologias utilizadas para o desenvolvimento da base de dados
Plant Defense Mechanisms, uma base de dados sobre mecanismos de defesa em plantas contra
estresse bidtico e abidtico. Para isso desenvolvemos o programa LAITOR para identificar as co-
ocorréncias de nomes de proteinas e estimulos abibticos (biointities) na literatura cientifica
juntamente com termos indicativos de uma agdo bioldgica (bioactions), validado aquelas co-
ocorréncias na mesma frase apenas. A ferramenta NLPROT foi usada para a marcacgéo inicial das
bioentities que foram a posteriori validadas pelo LAITOR. Em seguida, para aqueles termos
protéicos pertencentes a base de dados NCBI Gene que possuiam um registro correspondente na
base de dados UniProtKB, foi realizado agrupamento de sequéncias relacionadas nos outros
organismos pertencentes a mesma base de dados, para isso desenvolvemos o software Seed
Linkage. Este software explora as ligagbes multiplas diretas e indiretas das seqliéncias desses
outros organismos para com a seed inicialmente determinada. Encontramos os parametros de
escore 400 (bruto) e 0.3 (relativo) como sendo os que maximizam a inclusdo de seqiiéncias
corretas em clusters manualmente inspecionados. Depois de identificarmos 780 termos protéicos a
partir da andlise de 7.306 resumos cientificos com o programa LAITOR, 1.390 identificadores
unicos do UniProtKB foram utilizados para agrupar 15.669 seqiéncias nos 611 grupos que
compdéem a PDM. Desenvolvemos uma biblioteca, denominada SRS.php, para adquirir as
informacoes referentes a cada umas destas proteinas a partir do servidor SRS instalado no EMBL
utilizando a tecnologia de Web Services. Com o uso desta biblioteca, um cliente SOAP acessa o
servidor e recupera, de maneira programatica, os dados la depositados. Depois de efetuarmos a
andlise de mineragdo de texto com o programa LAITOR, o agrupamento das sequéncias através
do método Seed Linkage e a aquisicao subseqiiente dos dados usando o protocolo SOAP, todas
essas informacdes foram disponibilizadas num servidor HTML no sitio

http://www.biodados.icb.ufmg.br/pdm. Neste sitio, os usuérios podem efetuar uma busca utilizando

palavras-chaves bem como busca por similaridade de seqiiéncia pelo método BLAST. Apés terem
os registros desejados visualizados, um link é criado para as co-ocorréncias dos termos protéicos
na analise de mineragao de texto, bem como para uma arvore filogenética das proteinas presentes
em cada agrupamento da PDM. Além disso, implementamos o servidor SOAP da PDM, que faz
com que seus dados sejam distribuidos por meio de Web Services. Criamos um método,
denomidado query_pdm, onde todos os registros da base de dados podem ser consultados via
SOAP. Em suma, apresentamos uma série de métodos implementados como componentes de
softwares e programas propriamente ditos, que podem ser utilizados em aplica¢gdes semelhantes
aquelas da PDM, sendo, todos eles, distribuidos gratuitamente a comunidade cientifica interessada

nessas técnicas.
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Abstract VII

ABSTRACT

This work aims to describe the technologies used for the Plant Defense Mechnaisms Database
development, a database about the defense mechanisms against biotic and abiotic types of
stresses in plants. For this purpose we have developed the program LAITOR, this is used in order
to identify in the scientific literature the protein terms and names of biotic and abiotic stimuli
(bioentities) along with terms indicating of a biological action (bioaction), nevertheless, validating
those occurrences in the same sentence only. The tool NLPROT has been used for the initial
bioentities tagging which were validated a posteriori by LAITOR. Later, for those protein terms
which belong to the NCBI Gene database and with a corresponding record in the UniProtKB
database, it was performed the clustering of sequences belonging to other organisms deposited in
the same UniProtKB database, to achieve this aim we developed the Seed Linkage software. This
software exploits direct and indirect multiple links from the sequences of these organisms to the
initially determined seed. We found that the raw and relative scores of 400 and 0.3, respectively,
are those which maximizes the inclusion of correct sequences in the rebuilding of a manually
inspected clusters dataset. After the identification of 780 protein terms from the analysis of 7,306
scientific abstracts using the program LAITOR, 1,390 unique UniProtKB identifiers were used to
cluster 15,669 sequences in the 611 clusters of the PubMed database. We have developed a
software library, named SRS.php, to acquire the information referring to each of these proteins,
using for this purpose the SRS server installed at the EMBL using the Web Services technology.
With the usage of this library, a SOAP client accesses the server and retrieve, in a programmatic
manner, the available data. After to perform the text mining analysis with the program LAITOR, the
sequence clustering using the Seed Linkage software, and the subsequent data acquisition using
the SOAP protocol, all these information were made available by a HTML server at
http://www.biodados.icb.ufmg.br/pdm. In this website, users are able to perform a search using

keywords or a BLAST-based similarity search. After the visualization of the retrieved records, a link
is created for the co-occurrence of the protein terms in the text mining analysis, as well as for the
phylogenetic tree of the proteins grouped in each PDM cluster. Furthermore, we have implemented
the PDM SOAP server, which enables the distribution of PDM data through Web Services. We have
created a method, named query_pdm, where any record deposited in this database can be
accessed using SOAP. Summarizing, we present a set of methods implemented as software
components, or programs in fact, which can be used in similar applications to PDM, being,

therefore, freely available for the scientific community interested in such techniques.
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Introdugao 1

1. INTRODUCAO

1.1 GENESIS DA BIOINFORMATICA

O uso de computadores como ferramenta nos projetos envolvendo Biologia Molecular ja
era um fato comum uma década antes do seqlienciamento de DNA tornar-se parte do cotidiano
dos laboratérios de pesquisa (Boguski, 1998). Entretanto, o termo Bioinformatica nao foi
prontamente atribuido ao conjunto de técnicas que utilizavam meios computacionais, matematicos
e estatisticos para o estudo de importantes eventos biol6gicos. A idéia de que macromoléculas
como DNA, assim como proteinas, serem as portadoras da informagéo relativa acerca de um
sistema biolégico (Hagen, 2000) criou um cenério propicio para o desenvolvimento e consolidagao
da Bioinformatica. Esta poderia fornecer um conjunto de ferramentas para abordar diferentes

aspectos das ciéncias da vida.

1.1.1 A OBTENGCAO DAS SEQUENCIAS DE AMINOACIDOS

Embora possa parecer contraditorio, face ao elevado numero atual de seqiéncias
determinadas diretamente para nucleotideos, um dos fatores que proporcionou o desenvolvimento
da Bioinformatica em seus primoérdios, foi a existéncia de um elevado numero de sequiéncias
protéicas. Desde que a primeira proteina foi inteiramente seqlienciada pelo bioquimico Frederick
Sanger, agraciado com o prémio Nobel em Quimica do ano de 1958 (Nobelprize.org, 2010), a idéia
de que a informacdo biologica estaria codificada na seqiliéncia de aminoacidos tornou-se o
principal foco do estudo de proteinas na época (Sanger, 1959). Desde a insulina com seus 51
aminodcidos sequenciados - semente para o mundo digital das sequéncias protéicas - diversas
outras proteinas foram seqUenciadas através de métodos refinados mais rapidos do que o
empregado pela equipe Sanger em sua empreitada inicial. A partir desse momento, com o conceito
de que a informacao bioldgica estaria contida na estrutura primaria das proteinas, e com a relativa
facilidade com a qual os novos métodos permitiam que esses dados pudessem ser explorados, 0
ndmero de proteinas sequienciadas e de seqiiéncias depositadas em colecoes digitais aumentasse

exponencialmente (Hagen, 2000).

1.1.2 A DESCOBERTA DA ESTRUTURA TRIDIMENSIONAL DAS PROTEINAS

Outro tipo de informacéo bioldgica contida na estrutura primaria é aquela necessaria para a
definicAo da maneira altamente especifica que as proteinas adotam quando sédo dobradas no
espaco tridimensional, ou seja quando adotam suas estruturas secundarias e terciarias (Anfinsen,
1973). Entretanto, esse tipo de informagdo ainda ndo pbde ser completamente acessado
analisando-se unicamente a seqléncia de aminoacidos de uma proteina. Apesar disso, a
seqUéncia de aminodcidos é imprescindivel para a correta interpretacdo dos dados gerados a partir

dos experimentos de difracao de raios X, experimento conduzido para determinacdo espacial de
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cada aminodcido na estrutura tridimensional das proteinas. Esses conceitos puderam ser
estabelecidos a partir dos trabalhos de John Kendrew e Max Perutz, que, usando as técnicas
apresentadas acima, desvendaram as estruturas tridimensionais da mioglobina e da hemoglobina
nos anos 80 (Olby, 1985; Perutz, 1985). Pode-se dizer que esse foi o inicio da era digital das

estruturas protéicas.

1.1.3 A PRIMEIRA LINGUAGEM DE PROGRAMAGCAO USADA EM BIOINFORMATICA

Com o0s avancos alcangados pelos grupos direcionados aos estudos de estruturas
protéicas, sejam elas primérias, secundarias ou terciarias, a verdade é que, durante a década de
80, a quantidade de informagao disponivel para proteinas ja era consideravel. Esta riqueza
bioinformatica primordial tem como precursor, cerca de duas décadas antes, o fato de que os
computadores tornaram-se muito mais freqientes nos grupos de pesquisa, € ndo eram mais vistos
como apenas uma ferramenta para tratar a riqueza numérica derivada dos experimentos de
Bioquimica e Biologia Molecular. Naquela época, a primeira linguagem de programacao de alto
nivel fora criada: a FORTRAN (formula translation) (Hagen, 2000).

1.1.4 O PRIMEIRO BANCO DE DADOS

Com a riqueza de dados biol6gicos, e com a relativa facilidade que a FORTRAN permitia
que os novos bidlogos computacionais pudessem criar solugbes para as diversas demandas
bioinformaticas, as agéncias de fomento daquela época incentivavam cada vez mais o
envolvimento de cientistas no desenvolvimento de programas computacionais voltados para a area
das Ciéncias Biolégicas. Um exemplo brilhante da contribuicdo das agéncias de fomento para com
o desenvolvimento da Bioinformatica moderna é o financiamento direcionado aos projetos
conduzidos por Margareth O. Dayhoff nas décadas de 60 e 70 (Hunt, 1983). Financiada pela
National Biomedical Research Foundation (NBRF), National Institute of Health (NIH), National
Science Foundation (NSF), National Aeronautics and Space Administration (NASA) e, finalmente,
pela IBM corporation, Dayhoff empenhou-se no desenvolvimento de programas computacionais
para determinar a seqiiéncia de aminoacidos a partir de moléculas protéicas (Dayhoff, 1965a).
Avancos importantes foram obtidos nesse sentido (Dayhoff, 1969, 1974), tais como o
desenvolvimento de programas capazes de determinar com elevada precisdo em poucos minutos
a sequéncia de pequenas proteinas (tal como a ribonuclease). A mesma tarefa seria executada por
uma equipe de cientistas em véarios meses de dedicacao.

Com o advento dos seqlienciadores automaticos de proteinas, o nimero de seqiiéncias
disponiveis elevar-se-ia naturalmente, com isso Dayhoff e seus colaboradores decidiram criar a
primeira base de dados conhecida na histéria da biologia molecular: o Atlas of Protein Sequences
and Structures (Dayhoff, 1965b), uma publicagdo anual que visava catalogar os dados obtidos para

todas as sequéncias conhecidas de aminoacidos. Finalmente, em 1984, o primeiro banco de dados
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on-line para armazenar seqiiéncias de aminodcidos a partir dos dados do Atlas fora criado: o

Protein International Resource (PIR, http://pir.georgetown.edu).

Inicialmente, a base de dados PIR era composta por apenas um numero restrito de
seqlUiéncias que na sua maioria constituia variantes interespecificas de um pequeno conjunto de
proteinas. Apesar de ser verdade, essa aparente pobreza atribuida ao PIR no quesito diversidade
protéica, foi o que possibilitou o estabelecimento dos fundamentos das atuais andlises
comparativas de proteinas. Por exemplo, um subconjunto de proteinas presentes no PIR nos anos
60 tratava-se do Citocromo C, pigmento respiratério encontrado nas células aerébicas; o nimero
de seqUéncias disponiveis para esta proteina nas espécies amostradas pelo PIR era tdo grande,
que era quase impossivel se cogitar que estas ndo eram derivadas do mesmo ancestral comum,
ou seja, tidas como homologas. Através do uso dessas sequiéncias, foi possivel construir uma
arvore filogenética com a distribuicdo das espécies extremamente semelhante aquela obtida a

partir da andlise de caracteres taxondmicos tradicionais (Fitch & Margoliash, 1967).

1.1.5 As PRIMEIRAS ANALISES FILOGENETICAS

Logicamente, a imensa quantidade de dados disponiveis tornava complexa a analise
filogenética. Embora esta pudesse ser realizada manualmente, devido a crescente complexidade
dos dados, aliado a disponibilidade dos programas desenvolvidos pela equipe de Margareth
Dayhoff, as analises filogenéticas tornaram-se computadorizadas (Dayhoff, 1969). Entretanto, as
primeiras técnicas utilizadas ndo visavam solucionar completamente o problema filogenético. No
inicio, as analises eram baseadas no calculo da distancia mutacional entre as proteinas envolvidas
na filogenia, e no célculo de quantas mutagbes seriam necessdarias para que uma proteina se
convertesse em outra. Tratava-se de um processo passo-a-passo: inicialmente os cientistas
escolhiam um conjunto de trés seqiiéncias (do Inglés branches - ramos) por arvore, e entao se
adicionava um novo ramo a cada ciclo, de modo que a nova arvore minimizasse a distancia entre
cada ramo (distancia mutacional). Depois que todas as seqiiéncias eram usadas, o0 processo todo
se reiniciava a partir de um conjunto diferente de trés seqiéncias. Ao final, caso a nova arvore
gerada fosse menos satisfatéria do que a previamente estabelecida, esta era descartada (Hagen,
2000).

1.2 ALINHAMENTO DE SEQUENCIAS.

Métodos eficientes de seqiienciamento de DNA facilitaram a obtenc¢do de dados acerca da
seqléncia de proteinas em maior ordem de grandeza do que a analise direta de suas estruturas ou
funcbes. Proteinas homdlogas podem divergir bastante ao longo do tempo, entretanto suas
estruturas e fungbes ainda se apresentam relativamente conservadas (Altschul, 1998). Dessa

maneira muito pode ser inferido sobre a funcdo de proteinas nao caracterizadas quando uma
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similaridade estatisticamente significativa é detectada contra seqiéncias de proteinas que séo bem
conhecidas.

No contexto acima diversos algoritmos para alinhamento de seqiéncias foram
desenvolvidos, neles, as sequUéncias de proteinas sdo analisadas do ponto de vista de sua
composigao, onde valores de similaridade sdo atribuidos entre elas. Os métodos de alinhamento,
sejam eles globais ou parciais (locais), caracterizam as modificagdes mais freqlentes ocorridas
entre as proteinas: as substituicoes, insercbes e delecdes. Um esquema de pontuacdo para cada
substituicao ou indel (insercao-delecao) observado entre os diferentes aminoacidos foi criado com
base nas substituicdes ocorridas em familias protéicas bastante conservadas depositadas em
bases de dados. Uma das mais conhecidas matrizes de substituicdo foi criada por Margareth
Dayhoff pela analise de proteinas conservadas depositadas na base de dados PIR: a PAM (Point
Accepted Matrix) (Dayhoff, 1978). A ocorréncia de indels, representado por um espagamento ou
vao (do Inglés gap) no alinhamento, é tratada por um sistema de penalidades que foi criado para
gue a existéncia de um espagamento no alinhamento seja relativamente mais relevante do que a
extensdo de um espacamento existente, ou seja, niUmero de residuos que um espacamento
contém. Atualmente, existem métodos onde a matriz de substituicdo utilizada muda de acordo com
as proteinas que compartilham alta similaridade e que foram identificadas na analise, sendo,
portanto, mais sensiveis a encontrarem membros distantes da familia protéica em questédo
(Altschul et al., 1997).

Com base nos esquemas de pontuacdo descritos acima, uma série de algoritmos escritos
em linguagem de programagéo dinamica foi desenvolvida para encontrar o alinhamento étimo dado
um par de sequéncias. O algoritmo de Needleman-Wunsch foi criado para alinhamentos globais
(Needleman & Wunsch, 1970), enquanto que o algoritmo de Smith-Waterman foi criado para
analisar alinhamentos locais 6timos entre duas seqiéncias (Smith & Waterman, 1981). Embora
nenhum dos dois métodos permitisse inicialmente a ocorréncia de espagamento nos alinhamentos,
essa caracteristica foi implementada ao custo de uma redugédo na velocidade de execugao dos
algoritmos. Os programas de alinhamento local BLAST (Altschul et al., 1990) e FASTA (Pearson,
1995) foram criados para encontrar os melhores alinhamentos locais entre uma seqiiéncia e uma
base de dados de seqiiéncias a partir da extensdo de regides altamente similares presentes nas
seqliéncias comparadas. Embora esta estratégia fosse bem mais rapida do que o algoritmo Smith-
Waterman, ela podia superestimar segmentos relacionados ao acaso entre as duas proteinas.
Parametros especiais existentes nesses programas permitem o ajuste de algumas de suas
caracteristicas heuristicas, o que pode influenciar seus niveis de velocidade e sensibilidade. A
estatistica de determinacdo do E-value posteriormente permitiu uma estimativa da rejeicdo da
hipétese de homologia entre as seqiiéncias comparadas pelo BLAST, onde o E-value representa o
numero de alinhamentos locais iguais ou melhores que o obtido pelo programa sem que houvesse

uma relagéo bioldgica entre as seqiiéncias (Karlin & Altschul, 1990).
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1.3 HOMOLOGIA

A crescente disponibilidade de proteomas seqiienciados tornou possivel a inferéncia sobre
a histéria evolutiva dos organismos baseada nos dados de suas seqiiéncias de aminoacidos
(Alexeyenko et al., 2006). Um dos métodos mais confidveis para se obter anotagdo funcional de
proteinas consiste em estabelecer a relacdo de ortologia entre elas. Para isso, foram
desenvolvidos diversos métodos baseados em buscas reciprocas, a maioria usando o método
BLAST.

Entretanto, antes que seja prosseguido um detalhamento sobre os principais métodos de
busca por proteinas que possam compartilhar uma descendéncia evolutiva, assim como uma
funcionalidade comum, torna-se necessaria a descricdo das nomenclaturas sobre os diferentes
tipos de homologia abordados na literatura.

Inicialmente, foi proposto um modelo sobre a maneira que as proteinas se aparentam do
ponto de vista evolutivo (Fitch, 1970). Fitch tentou relacionar proteinas contemporaneas de acordo
com suas descendéncias e definiu como pardlogas aquelas proteinas que se originaram por
duplicacdo enquanto as ortélogas seriam aquelas derivadas por especiacdo. E importante notar
gue mesmo proteinas atualmente presentes em organismos diferentes ainda assim podem ser
consideradas paralogas, desde que o evento original ocorrido entre elas no cenério evolutivo tenha
sido o processo de duplicacdo (Jensen, 2001). Dessa maneira, é possivel que eventos tardios de
duplicacao linhagem-especifica possam levar a presenca de mais de um gene ortélogo entre duas
espécies sem que um seja ‘mais ortdlogo’ do que o outro (Figura 1A).

Os termos ortologia e paralogia tém sido mal interpretados, causando uma série de
discérdias na comunidade cientifica; talvez a causa principal desse problema tenha sido o fato de
que eles terem sido criados em tempos em que a Gendmica ainda nao era prética rotineira nos
laboratérios. Um exemplo do mau entendimento dos termos pode ser encontrado numa recente
revisdo publicada na revista Genome Biology por Gerlt e Babbitt (2000). Neste artigo, os autores
definem como ortélogas as proteinas presentes em espécies diferentes e que desempenham o
mesmo papel, e como paralogas, aquelas proteinas homologas presentes na mesma espécie e
que, por divergirem apos a especiacdo, nao desempenham o mesmo papel biolégico (Gerlt &
Babbitt, 2000). Embora de uso as vezes discutivel, os termos sdo extremamente Uteis para
caracterizar os genes homélogos presentes em espécies diferentes (ort6logos) e homélogos que

resultam de expanséo génica em uma espécie (paralogos).

1.3.1 SEQUENCIA E FUNCAO

Roy A Jensen comentou recentemente que a Gendmica deveria evitar complicacdes
semanticas com relagdo a nomenclatura atribuida a genes homologos, e que deveriam ser focadas
as relagcdes de seqiéncia, estrutura e funcdo entre proteinas, e que sao necessdrias ao

entendimento das origens estruturais da fungado bioldégica, bem como ao estudo das bases
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moleculares de suas divergéncias funcionais (Jensen, 2001). E que nds que estudamos as
relagbes entre seqliéncia, estrutura e funcao deveriamos evitar os termos ‘ortologia’ e ‘paralogia’ a
menos que estivéssemos interessados em destacar os eventos de especiacdo e duplicagdo
génica: eventos responsaveis pela produgdo das diversidades funcionais observadas entre
proteinas homélogas. Para isso sugeriu os termos hetero-(iso-) funcionais e hetero-(iso-)
especificos para classificar proteinas com a mesma ou diferentes fungbes no mesmo ou em

diferentes organismos, respectivamente (Figura 1B).

Figura 1: Relagdes

filogenéticas. Na figura séo
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Espécie C

Espécie A

eventos recentes sdo mostrados

- -
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L proximos a base da A&rvore,
Espécie B

enquanto aqueles tardios séo
mostrados mais préximos ao topo. (a) Para Fitch (1970) a proteina A1 possui trés ortdlogas na
espécie C (C1-3) relacionadas pela Especiacdo 1; a proteina B1 possui C1 como ort6loga
relacionada pela Especiacao 2; ja a proteina B2 possui duas ortélogas na Espécie C (C2 e C3)
ambas relacionadas pela Especiacdo 2. Enquanto isso, B2 e C1 seriam paralogas uma vez que 0
evento mais antigo que relacionam elas duas na arvore é a Duplicagdo 1. Da mesma maneira C1,
C2 e C3 compartilham a Duplicagéo 1, logo seriam consideradas paralogas. (b) Jensen (2001)
utiliza o principio da fungéo bioldgica para classificar as proteinas em questado. Para ele C2 e C3,
caso apresentem a mesma fungdo bioldgica por terem divergido recentemente na Espécie C,
poderiam ser consideradas isoespecificas isofuncionais. As proteinas B1-B2 e C1-C2 (ou C1-C3) ja
se diferenciam um pouco mais tardiamente na arvore, podem ter acumulado diferencas
significativas ao ponto de desempenharem fungdes diferentes nas respectivas espécies, nesse
cenario, estes pares seriam considerados isoespecificos heterofuncionais. Considerando agora o
par B1-C1, estes divergiram recentemente pela Especiagédo 2, logo caso ainda desempenhem a
mesma fungdo (mesmo em espécies diferentes) seriam considerados heteroespecificos
isofuncionais. Porém, B1 em relacdo a C3, caso efetuem funcdes diferentes, seriam considerados

heteroespecificos heterofuncionais. (¢) Por outro lado, adotando os conceitos propostos por
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Sonnhammer e Koonin explicados adiante (Sonnhammer & Koonin, 2002), a arvore seria
interpretada da seguinte maneira: B2 e C1 seriam paralogos externos, por se relacionarem pela
Duplicagao 1 e estarem presentes em espécies diferentes. C1, C2 e C3 seriam parélogos internos
enquanto todas as proteinas da Espécie C seriam co-ortélogas da proteina A1 na espécie A, uma

vez que estas se relacionam pela Especiacédo 1. Modificado de (Fitch, 1970).

1.3.2 NOVAS SOLUCOES PARA VELHOS PROBLEMAS

Para lidar com essa variagao semantica no tocante ao evento de duplicagdo, Sonnhammer
e Koonin propuseram uma nomenclatura para diferenciar os subtipos de parélogos (Sonnhammer
& Koonin, 2002). Para eles, sao consideradas ‘paralogas internas’ (“in-paralogs”) aquelas proteinas
paralogas que surgiram por eventos de duplicagdo linhagem especifica e que a linhagem
considerada ainda néo foi sujeita ao evento de especiacdo. Por outro lado, ‘paralogas externas’
(“out-poaralogs”) seriam as proteinas que surgiram por um evento de duplicacédo tardio antes do
evento de especiagdo e o que levaria a uma linhagem diferente da linhagem considerada. Nesse
caso, analisando-se a Figura 1B todas as proteinas paralogas internas de uma linhagem C
qualquer sao consideradas co-ortélogas a uma proteina A1 de uma linhagem A, desde que o
ultimo evento evolutivo comum entre a proteina A1 e a proteina progenitora das demais proteinas
da linhagem C tenha sido uma especiagdo. E importante notar que paralogos externos caminham
para uma divergéncia tal que os permite evoluirem para genes ndo mais relacionados
funcionalmente, uma vez que a funcgao original é supostamente executada por um deles. Assim,
paralogos externos ndo sdo tdo almejados por algoritmos de agrupamentos quanto paralogos

internos e ortélogos.

1.4 ALGORITMOS

A deteccao automatica de proteinas ortélogas e paralogas internas, leia-se ortélogas, pela
definicdo de Sonnhammer e Koonin (2002), € um problema de extrema importancia, porém de
dificil execugdo (Remm et al., 2001). A maneira mais natural de se detectar proteinas ortdlogas,
por definicdo que compartilham a mesma histéria evolutiva, seria a analise de arvores filogenéticas.
Entretanto, 0os passos necessarios para gerar tais arvores sdo de dificil automagao. Para realizar
tal analise considerando dois ou mais organismos, seria necessario agrupar as proteinas
relacionadas, gerar um alinhamento multiplo para cada grupo de dominios homélogos, construir
uma arvore filogenética para cada grupo e finalmente extrair os grupos de homélogos destas
arvores.

Cada um dos passos mencionados acima esta sujeito a erros, o que poderia levar ao
agrupamento de proteinas nao relacionadas. Para reduzir essa vulnerabilidade, foram

desenvolvidos diversos métodos que aplicam técnicas de alinhamento todos-contra-todos em
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diversos grupos de organismos (Chervitz et al., 1998; Mushegian et al., 1998; Wheelan et al., 1999;
Rubin et al., 2000).

1.4.1 COG

Partindo de relagdes entre pares de organismos, os estudos sobre gen6mica comparativa
foram estendidos a grupos multiplos, dada a disponibilidade de diversos organismos com genoma
completamente seqlenciado. A base de dados COG (Cluster of Orthologous Groups) (Tatusov et
al., 2000) talvez seja a mais conhecida iniciativa para agrupar as proteinas homodlogas entre
diferentes organismos. Esta base de dados utiliza métodos de alinhamento baseados em BLAST
de todas as proteinas de um organismo query contra todas as proteinas de organismos subject.
Sempre que estabelecida uma relagdo de melhor alinhamento bidirecional (do Inglés, bidirectional
best-hit, BBH) entre trés membros de trés espécies diferentes, um grupo COG é formado; tal
arranjo & denominado pelos autores da base de dados COG como ‘triangulagéo’. A partir da trinca
formada, novas proteinas de outros organismos, ou proteinas dos mesmos organismos utilizados
na triangulagéo séo incluidas ao grupo desde que respeitem a regra de BBH seja ele bidirecional
(simétrico) ou indireto (assimétrico) (Figura 2).

A base de dados COG, bem como sua expansdo para organismos eucariéticos KOG
(Eukariotic Clusters of Orthologous Groups) (Tatusov et al., 2003), nao representa uma analise
filogenética concisa. Entretanto, fornece um recurso para agrupar as seqléncias que mais
provavelmente poderiam ser consideradas ortélogas. A regra de triangulagao, porém, nao permite
pesquisadores estabelecerem relagbes de ortologia entre proteinas de dois outros organismos
quaisquer nao incluidos na base de dados COG. Para lidar com este problema foi criado o método

InParanoid (Remm et al., 2001).
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Figura 2. Esquema do algoritmo COG. Linhas solidas mostram os melhores alinhamentos
bidirecionais (ou BBH simétricos) enquanto as linhas tracejadas mostram os melhores
alinhamentos indiretos (ou BBH assimétricos). Os genes comuns a mesma espécie sdo mostrados
adjacentes e coloridos com a mesma cor. (A) estrutura do COG Unico, triangulacdo de trés

proteinas em trés organismos diferentes. (B) COG simples com a ocorréncia de uma paralogia
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para o organismo representado em verde (levedura). (C) COG complexo onde multiplos paralogos

séo exibidos. Modificado de (Tatusov et al., 1997).

1.4.2 INPARANOID

O método InParanoid identifica ortélogos e paralogos (internos) entre quaisquer pares de
organismos. Entretanto, este método reduz a inclusdo indesejavel de seqiiéncias paralogas
externas. Esta metodologia pode ser considerada como uma extensdo do método todos-contra-
todos adotado pelo COG. A diferenga fundamental € que o InParanoid adota regras especiais para
a analise dos agrupamentos (“clusters”) com o intuito de identificar todos os paralogos internos
como membros do agrupamento (Remm et al., 2001). A premissa basica deste algoritmo é que,
com relagdo a um grupo externo adotado, as seqliéncias que se apresentam como BBH uma da
outra, precisam ter um escore de alinhamento maior entre si, do que com seqiiéncias do grupo
externo (Figura 3). Uma vez estabelecido o par BBH, homélogos adicionais em cada espécie
(paralogos internos) sdo recrutados nestas espécies. A regra basica para o agrupamento de
paralogos internos é que, em uma dada espécie, o par ortélogo principal (um dos pares BBH) é
mais similar aos seus paralogos internos do que qualquer outra sequiéncia de outra espécie. Em

seguida, regras sao aplicadas para remover casos de ambiglidade entre os grupos formados.

Figura 3: Esquema do algoritmo
InParanoid. Agrupamento de pardlogos
internos adicionais. Os circulos representam
as seqUéncias das espécies A (preto) e B
(branco). Os ortdlogos principais entre as

espécies A e B estdo destacados como Al e

B1. O InParanoid assume que a distancia

(inverso da similaridade, S), representada pela

linha horizontal, entre cada ort6logo principal e os paralogos internos em cada organismo, € menor
do que a distancia entre o ortdlogo e qualquer seqiiéncia de outro organismo. A imagem mostra
que todas as seqliéncias paralogas internas com distdncia menor que S entdo dentro da
circunferéncia com didmetro S. Dessa maneira as sequéncias de ambas as espécies que estdo
fora da circunferéncia sdo consideradas paralogas externas e ndo sao agrupadas. Modificado de
(Remm et al., 2001).

1.4.3 ORTHOMCL
O método OrthoMCL fornece um método escalar para reconstruir grupos ortoélogos entre
multiplos taxa eucariéticos, usando um algoritmo de Markov Cluster (MCL) para agrupar provaveis

pares de ortélogos e paralogos (Li et al., 2003). Este método funciona similarmente ao InParanoid
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quando dois genomas sao analisados (Figura 4). Inicialmente provaveis ortélogos entre duas
espécies sao identificados a partir de pares de melhores hits reciprocos. Em seguida, paralogos
“recentes” (chamados de paralogos internos pelo InParanoid) séo identificados para cada espécie,
adotando a premissa deles serem mais similares ao membro do par ortdlogo identificado para a
espécie em questdo, do que as seqliéncias de outros organismos. Apos a identificacdo de todas as
seqléncias, pesos sao criados com base no valor de escore do alinhamento entre cada par de
sequéncias envolvida na andlise. Adicionalmente, é criada uma segunda pontuagéo para cada par,
esta pontuacédo é normalizada pela média dos pares de ortélogos inicialmente identificados. Os
valores finais sdo organizados como uma matriz simétrica onde um algoritmo de MCL ¢ aplicado
(Enright et al., 2002). O método MCL considera de maneira global e simultdnea todas as relacdes
entre as sequéncias agrupadas, fornecendo uma maneira de separar paralogos divergentes,
ortélogos distantes selecionados por baixos valores de escore durante o alinhamento reciproco e,

presumidamente, seqiiéncias com diferentes arquiteturas de dominios.

Figura 4: Esquema do algoritmo OrthoMCL.

Species A Species B

Um par de ortélogos provaveis (A1 e B1) é

A3 ereeer

paralo B1 eceee- » B2

paralogs

> A1
9S orthologs
y S

A2

designado por melhor hit reciproco entre as

espécies A e B. Pardlogos recentes (A2, A3 e

Similarity Matrix 5 ininad duol _ q q
I T 2) originados por duplicagdo dentro das
A1 300| 152 61| 29 espécies sao identificados. Na metade superior
Normalized| [N w4 direita da matriz sdo representados os pesos
weights A3| 118| 117 40| 30| plogi (Pvalue)
B1| 69| 68| 45 88 iniciais  (w;) baseados nos valores de
B2| 33| 33| 34| 100 alinhamentos de todas as seqliéncias entre si.

Na metade inferior esquerda s&o representados os pesos (w;) divididos por W;yW, onde W
representa a média entre o peso da distancia entre todos os ortélogos (niumeros sublinhados) e os
paralogos recentes (numeros em italico) e Wj; representa a média do peso entre todos os ort6logos
das espécies i e j. Modificado de (Li et al., 2003).

1.4.4 TOGA
O Método TOGA (TIGR Orthologous Gene Alignments) tem como objetivo identificar

ortélogos a partir da analise de sequéncias de DNA ao invés de proteinas sendo bastante
conservativo nos critérios escolhidos para identificagdo de ortélogos (Lee et al., 2002). A premissa
€ de que se os ortblogos sdo bem conservados ao nivel protéico, eles devem também se
apresentar conservados o suficiente ao nivel de DNA, a ponto de serem identificados pela analise
dos matches transitivos e altamente limitados entre trés ou mais espécies ao limite de similaridade
BLASTn com um E-value de 1e-5 (Figura 5). A inclusdo de Eucariotos primitivos (como levedura)

na analise efetuada pelo TOGA, bem como a existéncia de seqiiéncias do mesmo gene que nao
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apresentam sobreposicdo pela baixa amostragem do método EST (expressed sequence tags)
potencializaram a ocorréncia de seqléncias pertencentes a diferentes TOGs (tentative ortholog
groups). Tal evento foi minimizado pela adogcao de regras de desambiguacédo, onde TOGs que

compartilham mais de dois tergcos das sequéncias sao agrupados no mesmo TOG.

Figura 5: Esquema do algoritmo TOGA. As
seqliéncias de consensos tentativos de 28 bases de
dados do TIGR Gene Index s&o alinhadas todas-
contra-todas. Os melhores hits transitivos que
alinham trés ou mais espécies definem um grupo

ortélogo tentativo (Tentative Ortholog Group — TOG).

Os outros hits ndo reciprocos definem os paralogos

Tentative Orthologs tentativos. Modificado de (Lee et al., 2002).

1.4.5 MULTIPARANOID

O método MultiParanoid foi criado a partir da aplicagdo do InParanoid na analise de
multiplos genomas. Basicamente o MultiParanoid |é as saidas criadas pelo InParanoid e cria
agrupamentos multi-especificos a partir destas (Alexeyenko et al., 2006).

Em termos gerais o MultiParanoid constitui uma abordagem baseada em single-linkage.
Por exemplo, consideradas trés espécies A, B e C, e as tabelas de agrupamentos parciais
formados entre as espécies A-B, B-C e A-C, o MultiParanoid procura a presenca dos pares
ortélogos de agrupamentos iniciais (seeds) da tabela A-B nas tabelas A-C e B-C, caso presentes,
todos os membros (parélogos internos) nas tabelas A-C e B-C correspondentes séo incluidos no
agrupamento seed, sendo o processo repetido até que todos os pares de ortblogos sejam
processados. Em casos excepcionais onde seqiiéncias pertencem a diferentes agrupamentos, o
MultiParanoid aplica regras de desambiguacdo, dessa maneira as seqléncias que ndo sdo o
ortélogo seed em nenhum dos agrupamentos sdo associadas ao cluster ao qual possui o maior
escore, sendo, portanto, removida dos outros. Caso a seqlUéncia seja a seed de um agrupamento,
ela é mantida neste agrupamento e removida dos outros, evitando que o processo seja
interrompido.

Além dos métodos citados acima, outros métodos foram criados para agrupar proteinas
ortélogas em diferentes organismos (Tabela 1). Cada método possui suas peculiaridades e varios
foram comparados no tocante as suas caracteristicas (Chen et al.,, 2007). Da mesma maneira
alguns desses métodos foram aplicados a organismos modelos. Bases de dados sobre proteinas
ortologas derivadas destes métodos foram desenvolvidas e encontram-se disponiveis em diversos
sitios (Tabela 2).
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Tabela 1: Alguns métodos adicionais disponiveis para agrupamento de proteinas ortélogas.

Métodos Estratégia Parametro analisado Referéncia

RIO Filogenia Limiar de bootstrap para ortologia. (Zmasek & Eddy, 2002)

Orthostrapper Filogenia Limiar de bootstrap para ortologia. (Storm & Sonnhammer,

2002)

RSD Distancia Limiar de E-value no BLASTP, (Wall et al., 2003)
Limiar de divergéncia.

RBH BLASTP Limiar de E-value no BLASTP. (Hirsh & Fraser, 2001)

TribeMCL Homologia  Limiar de E-value no BLASTP, (Enright et al., 2002)

indice de inflagado MCL.

Tabela 2: Algumas bases de dados disponiveis sobre homologia de seqiiéncias.
Base de dados URL*

COG/KOG http://www.ncbi.nlm.nih.gov/COG/
EGO http://www tigr.org/tdb/tgi/ego/
HomoloGene http://www.ncbi.nIm.nih.gov/entrez/query.fcgi?db=homologene

) . ) http://www.inparanoid.cgb.ki.se/
InParanoid/MultiParanoid
http://www.multiparanoid.cgb.ki.se/

HOPS http://www.pfam.cgb.ki.se/HOPS/

KEGG http://www.genome.jp/kegg/

OrthoMCL http://www.orthomcl.cbil.upenn.edu/cgi-bin/OrthoMclWeb.cgi
PhiGs http://www.phigs.jgi-psf.org/

Ensembl Compara http://www.ensembl.org

MGD http://www.informatics.jax.org/searches/homology_form.shtml
HOGENOM http://www.pbil.univ-lyon1.fr/databases/hogenom.htmi
HOVERGEN http://www.pbil.univ-lyon1.fr/databases/hovergen.html
INVHOGEN http://www.bi.uni-duesseldorf.de/~.invhogen/invhogen.html
TreeFam http://www.treefam.org

* Consultado em 13/03/2008

Os exemplos anteriores mostram a riqueza de dados que passou a ser gerada no ambito
da Biologia Molecular, concomitantemente aliada aos diversos métodos para analise de
seqUéncias. Estratégias para identificacdo de proteinas bem conhecidas em organismos pouco
estudados permitiram que estes pudessem ser caracterizados ‘a priori’ com base no conhecimento
acumulado. Logicamente, varios aspectos puderam ser inferidos acerca destes novos organismos,
0 que pode ser evidenciado pela quantidade crescente de novos artigos descrevendo as

peculiaridades desses novos proteomas. Essa explosdo de trabalhos cientificos passou a dificultar
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a vida do cientista interessado em se aprofundar em determinado dominio do conhecimento, para
tal, um conjunto de técnicas conhecidas conjuntamente por Mineragdo de Texto (do Inglés, “text
mining”), surgiu para facilitar o trabalho. Alguns tépicos relevantes sobre esta area séo

apresentados a seguir.

1.5 MINERACAO DE TEXTO

Os avancgos das técnicas bioldgicas para experimentacdo em larga-escala, aliados ao
surgimento reciproco de diversas ferramentas bicinformaticas para analise dos dados produzidos,
aceleraram o passo em que novas informacoes biolégicas relevantes sao geradas (Krallinger &
Valencia, 2005). Na ciéncia atual, a quantidade de informagédo pode ser considerada como o
ndamero de artigos e revistas cientificas que sdo acumulados em determinado periodo de tempo
(Jensen et al., 2006). Dessa maneira, o crescimento da informagdo cientifica é refletido pelo
crescente numero de publicagdes cientificas observados em determinada area do conhecimento.

A base de dados MEDLINE, principal base onde a ferramenta PubMed
(http://www.ncbi.nlm.nih.gov/PubMed/) realiza suas consultas, armazena atualmente cerca de 17
milhdes de artigos cientificos (Abril de 2008). Nos ultimos 20 anos, a informagao contida na
MEDLINE apresentou um taxa de crescimento de 4,2% ao ano, por outro lado o nimero de novas
publicacées na MEDLINE cresceu num ritmo aproximado de 3,1% ao ano (Hunter & Cohen, 2006).
Isso mostra que a literatura cientifica disponivel (leia-se, quantidade de informagdo) cresce em
ritmos exponenciais (Figura 6). Esse tsunami de informagdo esta tornando quase impossivel a
cientistas se manterem atualizados em toda literatura relevante até mesmo quando o universo de
artigos é restringido a pesquisa desenvolvida em sua area de atuacgao (Jensen et al., 2006) .

Os ultimos anos presenciaram 0s novos resultados da pesquisa sobre o processamento da
linguagem biomédica (biomedical language processing — BLP). Em um universo onde cerca de
80% dos artigos (depositados no MEDLINE) contém informagéo em texto livre, estruturado de uma
maneira que facilita a leitura por humanos, porém dificil de ser interpretada automaticamente por
computadores (Hale, 2005), a BLP visa extrair automaticamente a informacgao implicita na literatura
cientifica. A BLP compreende também os métodos e ferramentas computacionais para tratar os
textos gerados por humanos como input e realizar tarefas como recuperacdo de informagao,
classificagcdo de documentos, extracdo de informacao, ou descoberta baseada em literatura. Num
contexto mais biolégico, as técnicas de extracdo de informagdes mais especificas tais como redes
de interagdo proteina-proteina (Buckingham, 2005), estabelecimento de fungbes protéicas e
associagdes genes-proteinas ou proteina-fenétipo (Gonzalez et al., 2007) s&o coletivamente
chamadas de mineragao de texto (fext mining).
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1.5.1 RECUPERAGCAO DE INFORMAGOES

Os métodos utilizados em mineragao de texto aplicados na literatura biol6gica tornaram-se
essenciais aos pesquisadores, eles possibilitam a identificacdo dos artigos relevantes para
determinada area de pesquisa, num processo conhecido como recuperacdo de informacao
(information retrieval — IR). Em IR, geralmente o conjunto de artigos a ser pesquisado em busca
daqueles relevantes encontra-se depositado em bases de dados de conhecimento como a
MEDLINE. O sistema que gera a interface com o usuario para recuperar a informagao dessa base
de dados é o PubMed, que é usado aqui para exemplificar as duas estratégias principais de

recuperacao de informagdes:

Medline Growth

Total Entries {millions)

MNew Entr

—T —T— — T T &
e e e et O I B S
WD oo OOD oo DoDD oo oo
WEWWEGWGEWEEW{GGGGDGG
O~ W o= PR O - 2D O = kW5 R

Publication date

Figura 6: Crescimento da literatura biomédica
publicada entre 1986 e 2005. Os circulos laranjas
representam o ndmero de novos artigos indexados no
MEDLINE em determinado ano. Enquanto isso, o0s
quadrados azuis mostram o numero total de artigos
indexados ao final de cada ano. Modificado de (Hunter &
Cohen, 2006).

Modelo booleano. Trata-se de usar uma combinagdo de termos conhecida como
‘pergunta’ (em Inglés, query) para recuperar 0s artigos que apresentam todos ou parte dos termos
dessa combinagao em determinado campo de sua estrutura (seja ela titulo, corpo, resumo, etc.) ou
ao longo de todo o artigo cientifico.

Modelo vetorial. Nesse modelo o elemento de busca na base de dados nao é mais uma

frase usada como query, e sim um artigo ou um conjunto de artigos pré-definido pelo usuario.
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Nesse modelo, cada documento é tratado como um vetor (conjunto) de termos (palavras), e um
escore para cada termo é gerado com base na freqiiéncia em que esses termos ocorrem ao longo
do universo analisado. Ao final, aqueles artigos-alvo (subject) que apresentam um escore similar
ao(s) artigo(s) query inicial(is) sao selecionados (em Inglés, match) (Wilbur & Yang, 1996).

Os métodos vetoriais sdo muitas vezes utilizados na classificagdo de documentos usando
técnicas de inteligéncia artificial (IA) (Fynbo et al., 2006), onde um software aprende a diferenciar
artigos relevantes daqueles irrelevantes com base na sua composicao de termos (Marcotte et al.,
2001). Técnicas de IA comumente utilizadas em mineragao de texto sdo a Support Vector Machine
(SVM) (Krallinger et al., 2005; Pahikkala et al., 2005) e as redes neurais artificiais .

Os modelos booleano e vetorial usados no PubMed utilizam recursos que facilitam a
interpretacao da terminologia usada durante a busca nas bases de dados. Por exemplo: remog¢éo
de palavras muito comuns na literatura (tais como preposi¢cdes) que nado representam de fato
informacao; sufixos em palavras como “-s” e “-ing” permitem que os radicais sejam interpretados
como o mesmo termo, entre outros (Jensen et al., 2006). Um recurso conhecido como thesauri
(Schijvenaars et al., 2005) é utilizado para expandir a query através da utilizagdo dos sindnimos
dos termos utilizados, dessa maneira a query “tomato AND disease AND resistance” seria

estendida para “(tomato OR Solanum lycopersion) AND disease AND resistance”.

1.5.2 RECONHECIMENTO DE ENTIDADES BIOLOGICAS

Pode-se dizer que uma das etapas cruciais ao bom funcionamento das ferramentas de
mineracao de texto é a correta identificacdo dos termos que representam uma entidade bioldgica
tais como genes e proteinas.

O reconhecimento das entidades nomeadas (named entity recognition — NER) consiste na
triagem das palavras que se referem as entidades biol6gicas (genes, proteinas, organismos,
doengas, etc.) seguido da atribuicao de identificadores para tais entidades (Hirschman et al., 2002).
Inicialmente os termos biolégicos eram filtrados da literatura com base em regras simples, tais
como avaliagdo das terminacdes das palavras, padrées identificados nas palavras ou até mesmo
na observacdo das palavras adjacentes aos termos a serem analisados (Fukuda et al., 1998;
Tanabe & Wilbur, 2002). Entretanto, a crescente disponibilidade dos bancos de dados de literatura
cientifica onde as entidades biol6gicas sdo marcadas no texto (tagged) possibilitou que
metodologias baseadas em inteligéncia artificial (IA) pudessem ser desenvolvidas (Zhou et al.,
2005). Com o uso destes bancos, conhecidos como corpus (Hao et al., 2005), programas de IA
conseguem identificar os nomes com base em seus padrdes caracteristicos observados em suas
ocorréncias em frases do corpus.

Em paralelo aos métodos baseados em IA, existem aqueles que sdo baseados em
dicionarios de genes e proteinas (Leonard & Duffy, 2002; Chang et al., 2004; Crim et al., 2005).

Nesse enfoque, uma lista de termos, contendo todas as variagbes sinbnimas para cada
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gene/proteina é comparada ao conjunto de textos a ser analisado. Sempre que h& uma ocorréncia,
o sistema néo s6 reconhece a entidade biolégica, como também atribui um identificador a ela, tudo
com base no diciondrio de termos adotado. Um dos grandes desafios do reconhecimento de
entidades é lidar com a falta de padronizacao da literatura cientifica (Bajic et al., 2005; Mons,
2005). Muitas vezes genes sao referidos na literatura por nomes pouco informativos e ainda pior,
por nomes comuns € ndo necessariamente bioldgicos (Chen et al., 2005). Isso leva aos programas
de NER serem as vezes pouco sensiveis. Para lidar com esse problema, cada vez mais é
incentivado o uso de nomenclatura padronizada para descrever e nomear 0s genes a serem
citados nos artigos cientificos. As chamadas ontologias sdo atualmente o melhor recurso para se
padronizar os termos cientificos (Yoo et al., 2007). Essa pratica ndo esta somente restrita aos
nomes de genes e proteinas (Ashburner et al., 2000), como também existem bases de dados de

ontologia para descrever termos diversos, tais como anatdémicos ou celulares (llic et al., 2007).

1.5.3 EXTRACAO DE INFORMACOES

A extragdo de informagéo (information extraction — IE) permite que fatos predefinidos sejam
recuperados da literatura (Jensen et al., 2006). Os fatos se referem aos relacionamentos que
diferentes entidades bioldgicas apresentam entre si. Essas relagbes sdo extraidas por diversas
premissas, a primeira delas é o estudo da co-ocorréncia dos termos (Srinivasan & Hristovski, 2004;
Cohen et al.,, 2005). Caso a co-ocorréncia das entidades biolégicas seja freqliente num
determinado conjunto de artigos, € possivel que essas entidades estejam de fato biologicamente
relacionadas. Esta correlacdo € medida por um esquema de pontuacdo baseado em freqliiéncia de
co-ocorréncia. Contudo, usando apenas andlises de co-ocorréncia ndo € possivel determinar a
natureza da relagdo encontrada entre os pares, por exemplo, se uma determinada proteina A
identificada no texto atua diretamente numa proteina B ou ndo, ou seja, se este efeito é
dependente, digamos, de uma proteina C ou ndo. Outra caracteristica que também néo é
detectada é o sentido da interacéo, ou seja, se a proteina A atua sobre a B ou vice-versa. Esses
dados devem ser analisados por curadores da informagao extraida pelo sistema de mineracao de
texto.

Outra abordagem de também visa IE trata-se do processamento natural de linguagem
(Natural-Language Processing, NLP) (Libbus & Rindflesch, 2002). A NLP realiza uma andlise
ordenada da maneira em que as palavras sdo colocadas para formar as frases (sintaxe) e busca
recuperar a idéia da relagdo que é explicitada da frase (semantica). O texto a ser analisado é
simbolizado (do Inglés, tokenized) para identificar as bordas das sentencas informativas; em
seguida um indicador das partes do discurso (do Inglés, part-of-speech tag) é atribuido as palavras
pertencentes a frase simbolizada. Depois, métodos de |IE ou dicionarios servem para identificar em
meio as palavras marcadas as entidades biologicas e as palavras de interesse (como, por

exemplo, verbos que indicam uma agao bioldgica). For fim, um conjunto de regras é utilizado para
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extrair as relagbes das arvores de sintaxe e das palavras com funcao semantica atribuida
(Rindflesch et al., 2000; Jensen et al., 2006). Para obterem essa performance, os programas
usados em NLP sdo treinados para atuarem de forma a reconhecerem a estrutura dos textos
biologicos com base na analise de frases nos artigos depositados em bancos do tipo corpus
(Craven & Kumlien, 1999).

1.6 INTEGRAGCAO DE DADOS

Da mesma maneira que os Ultimos avangos cientificos em ciéncias grou a imensa
quantidade de dados refletida pela base de dados de proteinas PIR e pela base de dados de
literatura PubMed, discutidas nas sessdes anteriores, diversas outras bases de dados biol6gicas
surgiram para lidar com essa diversidade de dados. Descrevemos abaixo algumas das comumente
utilizadas.

A base de dados UniProt € um recurso central para armazenar e interconectar informacoes
advindas de diversas fontes sobre seqliéncias de proteinas (Apweiler et al., 2004). O Uniprot é
composto por quatro divisbes otimizadas para diversas finalidades: a UniProt Knowledgebase
(UniProtkB) é uma divisdao composta por duas sessdes, a UniProt/Swiss-Prot, contendo
informacdes curadas com links para literatura especifica (Boutet et al., 2007), enquanto a
Uniprot/TrEMBL contém registros computacionalmente analisados enriquecidos com classificagao
e anotacdo automética (Bairoch & Apweiler, 1996) das proteinas nelas depositadas. A UniProt
Archive (UniParc) (Leinonen et al.,, 2004) é a divisdo de armazenamento dos dados e reflete o
historico das seqiiéncias depositadas. A UniProt Reference Clusters (UniRef) é a divisédo que redne
as seqléncias relacionadas do ponto de vista de similaridade de seqliéncia (Suzek et al., 2007);
esta possui as sessdes UniRef 100%, 90% e 50%, dependendo da similaridade minima
apresentada pelas seqliéncias pertencentes aos agrupamentos. Finalmente a UniProt
Metagenomic and Environmental Sequences (UniMES) que foi desenvolvido especificamente para
dados derivados de andlises metagendmicas.

Dentre outras bases de dados sobre informagdes biologias especificas, podem ser
destacadas a base de dados KEGG - Kyofo Encyclopedia od Genes and Genomes

(http://www.genome.jp/kega/) que possui um acervo sobre diversos aspectos bioldgicos, tais como

mapas globais de fungbes celulares e organicas (KEGG Atlas); mapas e modulos metabdlicos
(KEEG Pathway); hierarquias funcionais e ontologias (KEGG Brite); genomas, genes, proteinas e
grupos ortélogos (KEGG Genes) além de compostos quimicos, drogas, glicanos e ligagdes (KEGG
Ligand). Outra base de dados especificamente relacionada ao agrupamento de seqiiéncias em
familias protéicas é o PFam (Sonnhammer et al., 1998). Nesta base de dados, cada familia
protéica é representada por dois alinhamentos multiplos de seqiéncias, dois profiles-HMM (profile-

Hidden Markov Model) e um arquivo de anotagéo.
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A existéncia de inUmeros recursos virtuais, cada um com seu modelo de distribuicdo de
dados, torna necessario o desenvolvimento de metodologias para integrar as informacdes
presentes nessas diversas fontes, tornando-as exploraveis de uma maneira conjunta e eficiente
(Stein, 2003). Além disso, € imprescindivel que as ferramentas de navegacéo entre as diversas
fontes sejam faceis de serem usadas pelos cientistas usudrios destas bases (Davidson et al.,
1995).

Para se desenvolver sistemas de integracdo faz-se necessaria a compreensao da
arquitetura padrao dos diversos tipos de recursos bioldgicos disponiveis na Internet. As bases de
dados biolégicas sao construidas principalmente por trés niveis organizacionais (Figura 7): na base
do sistema, encontra-se o sistema gerenciador do banco de dados (SGBD) que armazena as
informacdes caracteristicas da base; e no topo encontra-se o sistema que interage com os
usudrios, conhecido como navegador web. Entre estes dois niveis, encontram-se os softwares que
fazem a comunicagao entre o usuario e o conteddo da base de dados, que, na maioria das vezes e
composto por um servidor web e por um software de acesso a base de dados, que, embora sejam
transparentes aos usuarios da base, sdo de extrema importancia para que as solicitagbes dos
usuarios sejam transformadas como queries a serem efetuadas no banco de dados pelo SGBD, e

retornadas ao navegador web como pdaginas “hiperlincaveis” (HTML) (Stein, 2003).
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Tier 3
Web browser
- Figura 7: Arquitetura basica das bases de
dados bioldgicas. No primeiro nivel (Tier 1)
Ll Web server encontra-se o sistema gerenciador do banco de
T dados, ja no segundo nivel (Tier 2) sao
ST posicionados os softwares para acesso as
:gﬁiﬁe informacdes depositadas na base e o servidor
web onde as paginas oferecidas ao usuario
T serdao armazenadas. Por dltimo, no terceiro

Batabase managementl) nivel (Tier 3), encontra-se o navegador web

Tier 1 —| K\H__S}'STE’"'" . ~ B
x\?;— (browser) onde as informagdes sao mostradas

aos usudrios das bases bioldgicas. Retirado de
(Stein, 2003)

Nature Reviews | Genetics

A necessidade da integragdo aparece quando diferentes bases de dados que armazenam
diferentes tipos de informagcdes acerca da mesma entidade bioldgica usam modelos diferentes
para a representagcdo da entidade na base ou, por exemplo, para armazenamento e
disponibilizagdo dos dados, e ndo pelo fato de cada uma armazenar um tipo diferente de
informacao (Markowitz, 1995; Haferkamp et al., 2002). A individualidade de cada base de dados
reflete os diferentes interesses que cada grupo de pesquisa possui para com diversas areas de
pesquisa, e a existéncia de inUmeras bases nado deve ser encarada como um problema, e sim
como um incentivo a existéncia de técnicas que possam permitir a integracdo dos diferentes

conjuntos de dados (Venkatesh & Harlow, 2002).
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1.7 ESTRATEGIAS PARA INTEGRAGAO DE DADOS

Diversas estratégias foram criadas para que diferentes bases de dados pudessem ser
integradas (Stein, 2003); estas estratégias obviamente foram herdadas de propriedades
previamente existentes no ambiente WWW (world wide web), algumas delas serdo brevemente
discutidas abaixo:

HIPERLINK

A integracdo baseada em links € uma das mais comumente utilizadas para se criar um
ambiente de bases de dados integradas. Este tipo de integracdo busca fazer com que um
determinado registro numa base de dados local X esteja vinculado a uma base de dados remota Y,
porém os recursos de cada base de dados sdo armazenados individualmente. Trata-se de um
modelo onde as bases de dados estdo associadas pelo hiperlink, porém ambas mantém sua
individualidade e ndo necessariamente precisam trocar dados entre si, apenas apontar o registro
correspondente entre elas (Stein, 2003).

Este modelo de integracao é bastante simples e funcional, porém depende de algumas
premissas que muitas vezes ndo sdo mantidas pelos gerenciadores das bases de dados. Uma
delas é o fato dos nomes dos registros mudarem com elevada frequiéncia, o que faz com que uma
referéncia feita por um dos links na base de dados deixe de existir. Para que esse sistema possa
funcionar bem, gerenciadores de bases de dados que vinculam sua informagéo a fontes externas,
precisam conhecer as regram adotadas para geracao de links por essa base-alvo, reduzindo assim
o problema da quebra de vinculo. Um problema extremamente dificil de se abordar pelo lado das
bases de dados que estdo sendo vinculadas (destino do hiperlink) é localizar e informar todas as
bases de dados que as apontam, sobre modificagcdo de determinado registro.

INTEGRAGAO VISUAL

Este sistema, pouco utilizado, visa integragao de diferentes bases de dados do ponto de
vista visual, dessa maneira, os dados apresentados ao usudrio permanecem cada um nos
diferentes servidores, entretanto, é gerado um ambiente onde a pergunta, originalmente feita na
base de dados local, é processada e distribuida por softwares de controle a distintas bases de
dados remotas. Depois que cada base responde especificamente as perguntas distribuidas, o
ambiente gerado pelas bases de dados remotas é recriado como se fosse parte da resposta do
sistema local, entretanto trata-se de uma visualizagdo das respostas de cada base de dados
conjuntamente, por um Unico servidor (Stein, 2003).

GERENCIAMENTO DE DADOS

O gerenciamento de dados (em inglés, data warehousing) € uma estratégia que cria uma
base de dados que contém o conteldo de diversas outras bases de dados remotas. Para que os
dados sejam captados, é necessario que softwares de importacdo dos dados sejam escritos para

cada uma das diferentes fontes, uma vez que cada uma apresenta seu modelo préprio de

Tese de Doutorado em Bioinformatica Adriano Barbosa da Silva



Introducéo 21

armazenamento (Schonbach et al.,, 2000; Stein, 2003). O segundo passo nessa estratégia é
transformar os dados importados no formato da base de dados local, segundo obviamente as
regras de armazenamento impostas pelo sistema gerenciador do banco de dados ou SGBD. Em
seguida, deve haver um sistema que carrega as informagdes adquiridas no banco de dados da
base local, dessa maneira informacdes de diversas fontes podem ser integradas na mesma base
de dados.

Apesar de parecer bastante promissora, esta estratégia encara o problema da atualizacao
dos dados. Os sistemas de gerenciamento de dados devem estar permanentemente cientes da
existéncia de updates em cada uma das fontes de dados, e sempre que constatada uma
atualizacao, os novos dados precisam ser prontamente re-importados. Outro ponto que precisa ser
considerado pelos sistemas de importacdo é no tocante a flexibilidade da estrutura das bases de
dados que sao consultadas, uma vez que caso haja uma mudanga drastica, é possivel que o

sistema deixe de funcionar para determinada fonte (Stein, 2003).

1.7.1 WEB SERVICES

A necessidade de se criar um ambiente de integracdo de integragéo de dados advindos de
fontes diferentes, fez com que os gerenciadores de bases de dados passassem a distribuir seus
servigos ndo mais apenas pelo tradicional método de consultas via formuldrios HTML, onde
usudrios entram com suas queries em busca de registros da base de dados como respostas, mas
também passaram a fornecer um acesso programatico as informagdes contidas na base (Neerincx
& Leunissen, 2005).

Para que seja implementado o acesso programatico a uma base de dados, isto é, de
computador para computador, uma série de especifica¢gdes baseadas em Web Services precisam
ser definidas. Um Web Service € um sistema de software (programa) na qual interfaces publicas
(outros programas) e contratos sdo definidos e escritos em linguagem XML (eXtensible Markup
Language). Estas definicbes podem ser descobertas por outros sistemas de software (UDDI,
Universal Discovery Description and Integration Protocol). Estes sistemas podem entdo interagir
com o Web Service em uma maneira definida pela sua definicdo (WSDL, Web Service Description
Language), usando mensagens baseadas em XML e transportadas por protocolos da Internet
(HTTP, Hypertext Transfer Protocol).

EXTENSIBLE MARKUP LANGUAGE (XML)

Atualmente é quase impossivel para alguém que tenha entrado recentemente na
comunidade cientifica imaginar como a pesquisa bioldgica poderia ser realizada sem os recursos
da Internet. Em partes, 0 que gerou o sucesso obtido pela WWW foi a linguagem desenvolvida
para obtencdo, submissédo, navegacado e analise dos dados publicados. Entretanto a HTML tem
diversas limitagcdes principalmente por ser dedicada a navegacdo por humanos. Ela é uma

linguagem pouco arbitréria e que ndo informa muito sobre a semantica dos documentos por ela

Tese de Doutorado em Bioinformatica Adriano Barbosa da Silva



Introducéo 22

representados (Achard et al., 2001). Por causas dessas e de outras desvantagens, a linguagem
HTML torna dificil a extragdo de informacdes de maneira programatica. Para lidar com essa
dificuldade foi criada a linguagem XML (Achard et al., 2001). A linguagem XML é uma linguagem
de baixo nivel dedicada para a Internet derivada de uma linguagem mais complexa chamada
SGML. A diferenga entre HTML e XML é que XML contém marcadores (do inglés, tags) que criam
um formato de dados auto-descritivo, enquanto HTML apenas codifica como o dado deve ser
formatado. Por exemplo, usando-se HTML pode-se especificar se um texto sera apresentado em
negrito ou italico, enquanto que o XML poderia especificar se o texto trata de um nome de um gene
ou de uma proteina (Neerincx & Leunissen, 2005).

SIMPLE OBJECT ACCESS PRoTOCOL (SOAP)

No ambiente web diversos protocolos séo utilizados para transferéncia de informagdes, por
exemplo, o protocolo FTP é utilizado para transferéncia de arquivos na Internet. Para que Web
Services sejam utilizados é necessario definir o protocolo em as informagdes estruturadas serédo
trocadas em um ambiente descentralizado. O SOAP é o protocolo de comunicagéo para os Web
Services, ele especifica o formato das mensagens XML trocadas (W3C, 2008a). Existem outras
especificacdes SOAP que descrevem como representar os dados do programa em XML e como
usar o SOAP para fazer as chamadas de procedimento remoto (RPC). Estas partes opcionais da
especificagdo sdo usadas para implementar as aplicacbes no estilo RPC, onde a mensagem
SOAP, contendo a chamada e os parametros da fungao a ser executada, é enviada pelo cliente e o
servidor retorna uma mensagem com os resultados da funcao executada.

WEB SERVICES DESCRIPTION LANGUAGE (WSDL)

E a linguagem de descrighio do Web Service com a finalidade de documentar as
mensagens que o Web Service aceita e gera como resposta. A notacdo que o arquivo WSDL usa
para descrever o formato das mensagens é baseada em XML, o que significa que é uma
linguagem de programacao neutra e baseada em padrdes, 0 que a torna adequada para escrever
as interfaces dos Web Services, que sdo acessadas por uma grande variedade de plataformas e
linguagens de programacao. Além de descrever o contelido das mensagens trocadas com o Web
Service, o WSDL define onde o servigo esta disponivel e quais os protocolos de comunicagéo que
sd0 usados para se comunicar com o servigo. Dessa maneira, o WSDL tem por funcao definir tudo
0 que é necessario para escrever um programa que utilize o XML do Web Service (W3C, 2008b).

UNIVERSAL DISCOVERY, DESCRIPTION AND INTEGRATION (UDDI)
PROTOCOL

Para que os Web Services sejam localizados, é necessério que haja um mecanismo de
busca. Os protocolos UDDI sdo usados para criar um diretério onde programas e aplicagdes
encontram e usam dinamicamente um Web Service. Um diretério UDDI € um arquivo XML que

descreve o0 servico por meio de registros. A forma pela qual os servicos sdo definidos no
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documento UDDI é chamado Type Model ou tModel; em muitos casos, o tModel contém o arquivo
WSDL que descreve a interface SOAP do Web Service (UDDI, 2008).
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2. OBJETIVOS

2.1 OBJETIVO GERAL
Desenvolver métodos de mineracao de texto, agrupamento de seqliéncias e
integracdo de dados para desenvolvimento de uma base de dados sobre proteinas

relacionadas aos mecanismos de defesa em plantas.

2.2 OBIJIETIVOS ESPECIFICOS

e Aplicar métodos de recuperacdo de informagdo e identificacdo de identidades
bioldgicas na base de dados PubMed para extrair nomes de proteinas relacionadas
aos mecanismos de defesa em plantas contra estresses bidticos e abidticos em
resumos depositados nessa base;

e Aplicar técnicas de extracdo de informagdes nos resumos de artigos cientificos do
PubMed, visando obter a co-ocorréncia das proteinas mencionadas no texto
juntamente com outras proteinas e estimulos relevantes ao tema em estudo;

e Criar uma rede de relacionamento entre os termos extraidos a partir da analise de
co-ocorréncia para input em programas de visualizacdo de dados bioldgicos,
notadamente o Arena3D.

e Recuperar, quando possivel, a sequéncia de aminoacidos das proteinas
identificadas na mineragcdo de texto, pela consulta direta na base de dados
UniProtKB.

e Desenvolver uma metodologia para se encontrar as proteinas paralogas internas e
aquelas (co-)ortélogas a- cada uma das seqléncias obtidas acima, através da
andlise de multiplos links a uma proteina seed qualquer, e agrupa-las em
respectivos clusters.

e Desenvolver um software para aquisicdo automatica de dados bioldgicos
relevantes, em diferentes bancos de dados, correspondentes as proteinas
presentes nos clusters descritos acima, usando técnicas de integracdo de dados
baseadas em webservices.

¢ Desenvolver uma base de dados com interface web e acesso programatico baseado
em XML-SOAP, nomeada Plant Defense Mechanisms Database, para armazenar e

permitir a consulta das informacGes extraidas nos passos anteriores.
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3. JUSTIFICATIVA

3.1 ANALISES DE MINERACI\O DE TEXTO PARA IDENTIFICACI"\O DE PROTEINAS

RELACIONADAS AOS MECANISMOS DE DEFESA EM PLANTAS.

A imensa quantidade de artigos cientificos publicados nos ultimos anos e o
indice crescente de novas publicacées disponibilizadas em bases de dados como a
MEDLINE torna humanamente impossivel a extracdo de todas as relacbes entre
entidades bioldgicas presentes na literatura. Para facilitar o arduo trabalho de ler e
associar os termos de importancia bioldgica, diversas técnicas baseadas em mineracgdo
de literatura tem sido adaptadas para a mineragdo de textos bioldgicos. Embora tais
recursos tenham sido aplicados com determinado sucesso ao estudo de genes e
proteinas humanas ou de microorganismos, a inespecificidade dos dicionarios utilizados
torna dificil a correta extragdo de informagdes para proteinas de plantas. Uma das
poucas estratégias de mineragdo de texto que existem na area de Biologia de Plantas,
o Dragon Plant Biology Explorer (DPBE), leva em consideragdo a ocorréncia de termos
bioldgicos na area vegetal baseado em nove dicionarios gerais, bem como sua co-
ocorréncia juntamente com outros termos ao longo de todo o resumo cientifico, o que
torna a analise seja muito superficial, superestimando a predicdo de correlagdo
bioldgica a partir da co-ocorréncia espuria ao longo do artigo, muitas vezes com os
termos presentes em sessOes que ndo sao relacionadas. Além disso o DBPE ndo
permite ser localmente instalado o que dificulta analises em larga escala bem como a
integracdo com outras metodologias para mineragdo de texto.

Propomos um método integrado a ferramenta NLPROT (Mika & Rost, 2004) para
identificar nomes de proteinas em resumos obtidos pelo PubMed, validar esses nomes
pela comparacdo com um dicionario de nomes especificos de proteinas/genes de
plantas, identificar termos representativos de estimulos bioldgicos presentes em
dicionarios personalizados, e correlacionar estes termos quando se apresentarem
intercalados por um ou mais termos indicativos de interacdo bioldgica na mesma frase,
aumentando as chances dos termos filtrados estarem de fato relacionados ao mesmo
evento bioldgico. O método é implementado como um script desenvolvido em PHP
chamado LAITOR (Literature Assistant for Identification of Terms co-Occurrences and

Relationships).
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3.2 AGRUPAMENTO DE SEQI:IENCIAS SIMILARES A PARTIR DE LINKS MULTIPLOS A

UMA SEQUENCIA FUNDADORA (SEED)

Nao existe atualmente um recurso que monte grupos de proteinas similares a
uma proteina seed especifica do usuario adotando as regras de melhor hit reciproco
como fazem os métodos COG e MultiParanoid. Além do mais, esses métodos
mencionados restringem a analise aos organismos de proteoma completo, sem
explorar o potencial das seqUéncias dos organismos com proteoma incompleto. O que
propomos nesta parte do trabalho é criar um grupo de proteinas similares com as
caracteristicas do método MultiParanoid iniciando a busca com apenas uma seqliéncia
seed, focando a analise apenas na proteina de interesse do usuario e dispensando
tempo de processamento adicional para que todos os proteomas dos organismos de
interesse sejam analisados para se obter “clusters” para apenas uma seqiéncia alvo.

Para isso criamos o método Seed Linkage.

3.3 AQUISIQAO DE INFORMA(}6ES VIA WEB SERVICES PARA AS PROTEINAS

PRESENTES NA BASE PDM.

Os métodos Seed Linkage e LAITOR citados acima, apesar de serem de uso
universal, foram criados com o propdsito de se estabelecer uma base de dados sobre
proteinas relacionadas aos mecanismos de defesa em plantas (Plant Defense
Mechanisms - PDM - Database) que estd sendo desenvolvida. Desta maneira as
proteinas mencionadas na literatura relacionada a essa area, bem como suas co-
ocorréncias junto a outras proteinas ou a estimulos bidticos ou abidticos, foram
extraidas usando-se o LAITOR e a identificagdo das proteinas correspondentes a estas
em outros organismos foi inferida pelo método Seed Linkage. Ao final, espera-se que
haja um agrupamento de seqiiéncias protéicas para cada proteina relevante que foi
identificada na literatura.

Para se obter informacdes acerca dessas proteinas, foi criado um cliente
baseado na tecnologia web service para comunicacao com o sistema SRS instalado no
EMBL em Heidelberg, por ocasido da recente disponibilidade da interface SOAP neste
servidor remoto, o que facilita a aquisicdo de dados dessa base além de integrar suas
informagdes em diversos sistemas. Usar web services para obter informagdes acerca
das proteinas depositadas na PDM Database evita que uma copia de todas as bases de
dados em questdao seja mantida na maquina servidora da PDM Database, uma vez que
a PDM Database representa uma pequena parcela dessas bases maiores, evitando

desperdicio de recurso computacional além de facilitar a atualizagdo do nosso sistema.
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4. MATERIAIS E METODOS

4.1 VERSOES DOS SOFTWARES UTILIZADOS

o APACHE Version 2.0

o Arena3D Beta version

. BLAST Version 2.2.13
o NLPROT Version 1.0

o NuSOAP Version 0.7.3
o PHP Version 5.X

o TMHMM Version 2.0

4.2 SISTEMA OPERACIONAL

Todos os scripts foram criados e executados, respectivamente, em ambiente
Linux, principalmente na distribuicdo CentOS 5.1 ou Fedora (versdo 6 ou superior).
Anadlises numéricas e figuras foram elaboradas usando os recursos do pacote MS Office

em sistema operacional Windows.

4.3 BANCOS DE DADOS
O sistema gerenciador de bancos de dados usado para armazenar todas as
informacdes geradas ao longo das diversas etapas apresentadas nessa tese foi o

MySQL em ambiente Linux.

4.4 RECURSOS COMPUTACIONAIS DO LABORATORIO DE BIODADOS - UFMG
e axe: Athlon X2 2GHz, 1Gb Memdéria DDR2 800MHz, CentOS 5.1
e maracatu: Core2Duo Quad 2.4GHz, 4GB Memdria DDR2 1066MHz, CentOS 5.1
e xote: Athlon X2 3GHz, 2Gb Memdria DDR2 800MHz, CentOS 5.1
e baiao: Athlon X2 2,5GHz, 2Gb Memoéria DDR2 800MHz, CentOS 5.1

4.5 BASES DE DADOS CONSULTADAS

e NCBI Gene http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene

e NCBI PubMed http://www.ncbi.nlm.nih.gov/pubmed/

e NCBI Taxonomy http://www.ncbi.nlm.nih.gov/sites/entrez?db=taxonomy

e Multiparanoid http://www.sbc.su.se/~andale/multiparanocid/html/index.html
e SRS-EMBL http://srs.ebi.ac.uk/

e UniProtkB http://www.uniprot.org/
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5. RESULTADOS E DISCUSSOES

5.1 DESENVOLVIMENTO DO PROGRAMA LAITOR: LITERATURE ASSISTANT FOR

IDENTIFICATION OF TERMS CO-OCCURRENCES AND RELATIONSHIPS.

Apresentamos neste artigo uma metodologia baseada em mineragao de texto (fext mining)
para a identificagdo de termos bioldgicos, tais como nomes de proteinas e estimulos bidticos e
abioticos, bem como suas co-ocorréncias em frases de resumos de artigos cientificos, buscando
identificar associagfes implicitas na literatura, dai seu nome LAITOR: Literature Assistant for
Identification of Terms co-Occurrence and Relationships.

Nosso método inicia-se pela aquisi¢cao de artigos relevantes que porventura descrevam a
atuagao de proteinas de plantas contra patégenos ou contra condicées ambientais adversas. Para
isso utilizamos um sistema baseado em support vector machine (Soldatos, et al. dado néo
publicado) treinado com artigos manualmente classificados como relevantes e irrelevantes ao
tema de estudo: proteinas envolvidas com os mecanismos de defesa em plantas. Depois de
aplicar o SVM no conjunto de artigos publicado nos altimos cinco anos para Arabidopsis na base
de dados PubMed, 230 resumos foram selecionados para as analises posteriores.

Criamos trés dicionarios para a analise conforme descritos abaixo:

1. Dicionario de nomes de proteinas: nomes de proteinas e seus sinbnimos foram

obtidos da base de dados NCBI Gene (http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene),

considerando apenas o0s genes de plantas (Viridiplantae). Em seguida, para enriquecer o
dicionario de nomes de proteinas, executamos uma busca Booleana usando o sistema PubMed.
Todavia, nossa busca foi limitada apenas aos artigos diretamente ligados a organismos da divisao
Viridiplantae do banco de dados NCBI Taxonomy. Utilizamos a query “(resistan* OR toleran™) AND
((high light OR high-light) disease OR cold OR pathogen* OR drought OR salinity OR "oxidative
stress*" OR (high temperature OR high-temperature)) AND plant’ para selecionar os resumos dos
artigos de interesse, que depois foram salvos localmente no formato XML. A expansao se deu pela
inclusdo de nomes de proteinas citados em campos especificos dos arquivos XML
correspondentes aos artigos acima recuperados, desde que estes termos ja ndo estivessem
representados como nome ou sindnimo de um registro da base de dados Gene.

2. Dicionario de termos indicativos de interacdao bioldgica: as biointeragoes,
como designamos estes termos nos artigos, foram criadas manualmente pela inspe¢cdo de um
subconjunto de verbos previamente listados na literatura (Hoffmann & Valencia, 2005) como sendo
0s mais relevantes e freqientes nos artigos cientificos. Ademais, incluimos termos especialmente
usados na &rea de Biologia Vegetal, principalmente na area de interagdo patégeno-hospedeiro ou
resposta contra estresse, manualmente.

3. Dicionario de estimulos bioticos e abidticos: assim chamamos o terceiro

dicionario utilizado em nossa andlise. Esse dicionario é composto por uma série de termos que
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representam hormonios vegetais (etileno, jasmonatos, acido salicilico, etc.), estimulos ambientais
(seca, salinidade, frio, etc.) e compostos quimicos que geram respostas fisioldégicas nas plantas
guando submetidas a estresse (peréxido de hidrogénio, etc.).

Todos os dicionarios utilizados sdo compostos por um nome e seus respectivos sinbnimos
ou variagdes tipogréficas. O que permite uma busca mais ampla pelos termos que representam
uma determinada entidade bioldgica de interesse.

Determinados os dicionéarios, o passo seguinte foi identificar estes nomes nos resumos
selecionados. Nessa etapa, utilizamos o programa NLPROT (Mika & Rost, 2004) para identificar
os nomes das proteinas. Porém, o NLPROT possui um dicionario interno que faz com que ele
identifique proteinas de organismos nao-vegetais, logo, um termo que representa o nome de uma
proteina animal, por exemplo, pode nado se referir a uma proteina presente em vegetais; dessa
maneira, interagdes errbneas poderiam sem filiradas. Para lidar com esse problema, todas as
proteinas marcadas pelo NLPROT nos resumos foram conferidas contra o dicionério de proteinas
estabelecido. Os nomes de termos de biointeragcdes e de estimulos bidticos e abibdticos foram
marcados no texto usando expressoes regulares definidas.

Sempre que dois nomes de proteinas ou o nome de uma proteina e de um estimulo co-
ocorrem na mesma frase, esta frase é armazenada para a verificagdo de um termo de biointeragcao
entre elas, caso este termo seja encontrado, a co-ocorréncia € validada e inserida na rede de co-
ocorréncia.

Depois que todos os artigos sdo analisados, e as co-ocorréncias extraidas, o sistema
conta, para cada par estabelecido, o numero total de linhas em que este foi identificado e o
nuamero de artigos nas quais estas linhas foram encontradas. Estas informagdes sdo apresentadas
como uma tabela no formato texto, uma pagina web com as co-ocorréncias para cada termo
identificado na andlise, e também como um arquivo de entrada para o programa Arena3D
(Pavlopoulos, et al. dado néo publicado), um aplicativo que esta sendo desenvolvido no EMBL
para visualizacao de redes bioldgicas complexas e que utilizou os dados do LAITOR como estudo
de caso em seu desenvolvimento.

O programa LAITOR ainda esta em fase de desenvolvimento, porém os scripts individuais
que compbdéem o método podem ser adquiridos em nosso servidor na pagina

http://biodados.icb.ufmg.br/laitor bem como o resultado das andlises efetuadas com os abstracts

classificados pelo sistema SVM acima apresentada. Esperamos desenvolver um aplicativo em
Java plataforma-independente que possa permitir o usuéario fazer a “query’ diretamente no
PubMed, recuperar os resumos de interesse no formato pertinente, criar ou importar os dicionarios
biologicos relevantes a determinada area de pesquisa, e realizar as andlises de reconhecimento
de entidades e extracao de informacao (redes de co-ocorréncia) de maneira integrada usando um

Unico recurso.
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O manuscrito a seguir descreve a analise dos 230 resumos classificados como relevantes
pelo sistema de SMV para Arabidopsis e visando criar uma rede integrada sobre os mecanismos
de resposta contra estimulos bitdticos e abidticos, usando os diciondrios acima descritos. Este
trabalho foi publicado na sessao de software da revista BMC Bioinformatics com o titulo: LAITOR:
Literature Assistant for Identification of Terms co-Occurrences and Relationships.

As sequiéncias de aminoacidos das proteinas correspondentes aos nomes identificados
nesses resumos serdo obtidas no banco UniProtKB para diferentes organismos e incluidas na
base de dados PDM. Por sua vez, essas seqiéncias servirdo como seeds do método Seed
Linkage, que visa o agrupamento de proteinas similares do ponto de vista de seqiiéncia entre

diversos organismos e € apresentado na préxima sesséo dos resultados.
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Abstract

set of bicentities to a commaon context,

Background: Biclogical knowledge s represented in scientific literature that often describes the function of genes/
proteins (bicentities) in terms of thelr interactions {bicinteractions). Such bicentities are often related to biclogical
concapts of interast that are spacific of a detarmined research field. Therefors, the study of the current literaturs
about a selected topic depositad in public databases, facilitates the genermtion of novel hypothesss associating a

Results: We craated a text mining system (LAITOR: Literature Assistant for Ideniification of Terms co-Occurences and
Relationships) that analyses co-occurrences of bicentities, bicinteractions, and other biclogical terms in MEDLINE
abstracts. The method accounts for the position of the co-cccurring terms within sentences or abstracts. The
system detected abstracts mentioning protein-protein interactions in a standard test (BioCraative Il 1AS test data)
with a precision of 0.82-089 and a recall of 048-070. We illustrate the application of LAITCR to the detaction of
plant response genss in a dataset of 1000 abstracts relevant to the topic.

Conclusions: Text mining tools combining the exraction of interacting bicentities and biclogical concepts with
network displays can be helpful in developing reasonable hypotheses in different scientific backgrounds.

Background
The richness of information generated by different
research groups is sometimes focused on issues that
lack explicit connection with those generated by callea-
gues from other groups. However, currently, there are
available literature mining techniques that permit to
connect the knowledge generated by distinct groups and
improve the understanding of some key points of their
research [1]. Text mining machines have been created
to mine the biological information in a trial to establish
new biological concepts from previous knowledge [2-4].
These machines were proven to be reliable in extracting
biological facts either analvzing full text [5,6] or just
condensed information present in the abstracts of scien-
tific papers [7 8] as stored in the MEDLINE database.
Text mining techniques for information-retrieval com-
prise some basic steps: to find relevant articles in the
research field of interest; to identify the biological enti-
ties cited in the text, as well as to disambiguate confuse

* Caormrespandence: migush@chufmgbr
“labaratanio de Bodados, Dpto de Bioquimica e Imunaologia 108 - URMG
31370501, Belo Horzonte - MG, Brap

() BioMed Central

bioentity names (i.e. genes and proteins) within and
among distinct species; to infer putative relationships
between bioentities based on co-occurrence of biological
terms in the same article, abstract, sentence or phrase
[2]. Recently, AliBaba has been developed to graphically
visualize information on associations between biological
entities extracted from PubMed using pattern matching
and co-occurrence filtering (http://alibaba.informatik.hu-
berlin.de/, [9]). Later, a system called NetSynthesis [10]
has been developed to permit the controlled building of
biomolecular networks by users, where the searching
criteria on PubMed are customized by using parse tree
query language [11]. However, these systems do not per-
mit the integration of customized dictionaries on their
algorithm.

We present here a system called LAITOR (Literature
Assistant for Identification of Terms co-Occurrences and
Relationships). This software was developed to normal-
ize the bioentities names tagged in the abstracts to a
user defined protein dictionary; as well as to extract
their co-occurrence, along with other protein or impor-
tant biotic/abiotic stimuli terms, the later implemented

© A0 BarbaseShva e @, hoenses BoMed Cenral Ltd. This 5 an Open Access amice demoued under the wmis of tha Craztive
Comemons Atsbution License fhinpe//creativecomimans ongylicensesbw/2 0, which penmins unmsmced use, distdbution, and
momduaion in any mediumn, provided the ognal work s pogerdy cwd.
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as a customized concept dictionary. Such co-occur-
rences are extracted taking into consideration the pre-
sence of terms in the same sentence of scientific
abstracts and adopting a set of rules to filter bicentity
pairs that occur in several sentence structures (see
details in Implementation). The software performed as a
greatly precise method. Here, it has been used to mine
protein co-occurrences related to green plant-pathogen
interactions.

Implementation

Abstracts retrieval

In order to retrieve scientific abstracts related to green
plants that would be related to defense mechanisms, we
have used the system MedlineRanker [12]. Two MeSH
http: /f'www.nlm. nih. gov/mesh/ terms (Host- Pathogen
Interactions AND Plants) have been used as “training
dataset” to rank 10,000 recently-published abstract from
the whole MEDLINE database. After the MedlineRanker
analysis we retrieved the top 1,000 PubMed IDs from
the generated rank to be loaded as “application dataset”
for the next steps of our analysis [Additional file 1].

Protein tagging

LAITOR is optimized to work by analyzing tagged
scientific abstracts. For this purpose, we adopted the
NLPROT [13] program as LAITOR's protein tagger.
The plain text format (-f txt) must be chosen for the
NLPROT output file, where bicentity names present in
the text are tagged between “<n=" and “</n>" tags. The
tagged protein names are filtered according to a user-
defined bicentity dictionary, in our case study: a plant
protein name and synonym dictionary.

Protein Dictionaries

Twao protein dictionaries have been generated for the
development of LAITOR. The first (named human pro-
teins dictionary) created for the evaluation of LAITOR
performance (explained below) in the BioCreative II Inter-
action Article Subtask (IAS) [14]. The second (named
plant protein dictionary) has been used in the identifica-
tion of co-occurring of green-plant protein pairs retrieved
for abstracts related to host-pathogen interactions.

The human protein dictionary has been created by
using all the protein records deposited for Homo sapiens
[NCEI Taxonomy id: 9606] in the UniProt-SwissProt-
TrEMEL (UP-5P-TR) database. In this dictionary, the
definition(s) and synonym(s) for all human UP-SP-TR
proteins are included. Furthermore, for each record, the
corresponding NCBI Gene symbol and synonyms were
used to enrich the representative terms of said protein.
At the end, the human proteins dictionary is composed
by 87,537 records (IDs), comprising a total of 112,686
distinct protein terms, which have been completed by
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the addition of 40,234 supplementary terms from the
NCEBI Gene database.

Additionally, specific genes names and synonyms for
every organism deposited in the NCBI Taxonomy data-
base that have gene records in the NCBI Gene database
have been used to create LAITOR readable dictionaries.
To use these dictionaries, users must inform the taxon-
omy identification number (Taxonomy ID) for the pre-
ferred organism followed by the extension “.dictionary”
le.g “9606dictionary” for “Homo sapiens” genes) during
set up, as explained at LAITOR's documentation file,

For the plant dictionary, the complete Gene tab-delim-
ited database from Entrez website has been downloaded
15,317,958 records), which comprises 505,403 different
organisms (Taxonomy [Ds - TAXIDs). To filter only
those records related to green-plant proteins, we used
the NCBI Taxonomy database to select from the Gene
table only those records with a TAXID corresponding to
Viridiplantae organisms, which included 99,488 different
records. At the end, the plant protein dictionary con-
tained 148 plants organisms (0.02% of total organisms)
and a total of 237,077 Gene records (4.45%), which
included 217,224 distinct protein symbols and 62,521
synonyms (see one example for the Gene PR1 of Arabi-
dopsis thaliana [GenBank: 815949] in Additional file 2).

The resulting table displays two columns: one for the
bioentity names, and the second with their respective
synonyms so that it can exist as lines (records) as syno-
nyms for each bioentity name (Additional file 2).

Name ambiguity

Another aspect explored by LAITOR, is how to handle
gene name ambiguity, The strategy of using the Taxon-
omy database to limit the number of used entries
reduced the possibility of inclusion of names of other
organisms which would cause ambigunity among terms.
However there are terms that commonly occur for more
than one organism, or different proteins from the same
organism that share the same name or synonym. To
cope with this, LAITOR creates a tag file in which the
ambiguous terms identified in the analysis are normal-
ized to the same name in the protein dictionary. Such
terms that match multiple protein names or that are
synonyms of multiple protein names are marked in the
LAITOR output. This warns users about the possibility
of misinterpretation for such a term.

Concepts Dictionary

In order to check the co-occurrence and likely involve-
ment of plant proteins names along with biotic and
abiotic stimuli names, a list of previously known stimuli
and their synonyms has been provided as Concept Dic-
tionary (for example: Jasmonic Acid, Jasmonate and JA
were included as the same concept). Both, Protein and
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Concept Dictionaries are available as additional material
[Additional files 3 and 4].

Additionally, in order to attend different contexts, we
have populated all the sub-headings of NCEI's Medical
Sub Headings (MeSH) Trees (available at http://www.
nlmunih.govi/mesh/trees.html) as LAITOR's concepts dic-
tionaries, as explained at LAITOR's documentation.

Biointeractions Dictionary

A list representing the different types of interactions or
relationships between proteins was generated based on
previously published list [4,15]. It is composed by 76
terms, which have been included together with a total of
886 synonyms as seen in Additional file 5, Table 52,
Considering all terms, the biointeraction dictionary in
its entirety is composed of 963 different words.

Co-occurrence analysis

Once the abstracts to be analyzed had been retrieved
and tagged for protein and gene names, biointeractions
and concepts, LAITOR was used to perform a co-occur-
rence analysis [see Additional file 6].

At the sentence level, each line of the tagged abstracts
was divided at every full stop (".") punctuation sign. We
paid special attention to the presence of these full stop
marks in alternative positions that did not indicate the
end of the period, as in the case of species names (for
example: A. thaliana) or protein names (for example:
PDF1.2 protein).

Initially the whole abstract is screened to store the
occurrence of all bioentity names. After storage of all
names, each protein name is checked for its occurrence in
each of the separated sentences. If a bioentity term is
found, let us name this term as “Pair 17, the script checks
the occurrence of a second bioentity name, “Pair 2°, differ-
ent from Pair 1 in the same sentence. To avoid redun-
dancy, the script checks on-the-fly if Pair 2 is a synonym
of the previously identified Pair 1 and discards such cases,

It has been previously published that 90% of the bio-
interactions among proteins documented in the litera-
ture adopts the pattern “Protein-Bicinteraction-Protein”
[16], this pattern being chosen by approaches like iHOP
[15] and HomoMINT [17]. Nevertheless, we adjusted
LAITOR to identify other patterns of Protein-Protein or
Protein-Concept co-occurrence, as explained below.

The co-occurrences identified by LAITOR are classi-
fied into four types. From the most to the least strin-
gent, these types are:

Type 1: Both co-occurring protein names/synonyms
must not refer to the same protein (common for all
types of co-occurrences), they must be present in the
same sentence of the abstract and, additionally, it is
required that a term from the Biointeractions Dictionary
occurs in between the considered terms. An extra
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optional step is the identification of a biological stimuli
(represented as a term from the Concepts Dictionary)
term anywhere in the sentence, which is then associated
to the interacting pair;

Type 2: Same as Type 1, except that the biointerac-
tion may occur anywhere in the sentence

Type 3: Same as Type 1, except that the ocourrence of
a biological term in the sentence is not required;

Type 4: All the pairs of co-occurring protein names/
synonvms mentioned in the abstract are considered,
whether they are in the same sentence or not.

Thus, when LAITOR performs under type 4, the other
co-occurrence types are included.

Multiple co-occurrences of type 1, 2 and 3, might hap-
pen in a given sentence. To cope with this, our system
was adapted to perform an overlapped search. This
means that in cases where two proteins (A and B) occur
along with the same biointeraction, like in the sentence
“A and B regulate C", the pairs "A-regulate-C" and “B-
regulate-C" are identified as type 1 co-occurrences. Note
that the co-occurring pair “A-B” will be assigned type 2.
Moreover, in more complex sentences such as "A is
regulated by B and activates C", the system will retrieve
as co-occurrences of type 1 *A-regulated-B", “A-regu-
lated, activates-C', and “B-activates-C" (together with
type 2 “A-regulated, activates-B” and type 2 A-regulated,
activates-C) thus over predicting the number of different
bio-interactions between the A, B and C proteins. How-
ever such complex sentences may not be very frequent.
In order to determine if they are a serious problem, we
performed a series of manual evaluations of the results
of LAITOR's analysis on several abstract datasets.

Performance evaluation

Protein term co-occurrences at sentence level of scien-
tific abstracts might be potentially useful for the pre-
diction of literature-based protein-protein interactions.
Therefore, we have tested the performance of LAITOR
to find protein-protein interaction data in abstracts.
For this purpose, we have used the BioCreative Il test
dataset for the Interaction Article Subtask (IAS) as
gold standard [14]. This "performance evaluation data-
set” is composed of relevant (3,529) and irrelevant
(1,957} abstracts for the curation of protein-protein
interactions present in the MINT and IntAct databases
[18]. Once LAITOR identifies a co-occurring protein
pair in an abstract, this is considered to be positively
(relevant) classified. After the classification of all gold
standard abstracts the precision and recall are calcu-
lated for each of the four co-occurrence types (1-4},
and the performance compared to methods participat-
ing in the BioCreative II challenge. A receiver operat-
ing curve (ROC) was created by using the package
ROCR [19]. Positive and negative performance
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evaluation datasets are provided as additional material
| Additional file 7).

Network representation

A protein and stimuli co-occurrence analysis created by
LAITOR from PubMed abstracts is parsed from a gen-
eral output file into a tab-delimited text file (extension .
co) that is used as input by most network visualization
software. As default, LAITOR generate inputs for two of
these programs: EMBL Medusa [20] and EMBL Are-
na3l [21], which provide networks in one- and multi-
dimensional charts, respectively, enabling the complex
output generated by LAITOR to be efficiently handled.

Results and Discussion

LAITOR's developmental pipeline

LAITOR has been developed by combining a flexible
rule-based method together with a pre-defined
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vocabulary match approach. Figure 1 illustrates the
pipeline for LAITOR's development, which is explained
in detail in the following sections.

LAITOR uses as input a set of scientific abstracts as
stored in the records of the MEDLINE database.
Abstracts are analyzed individually for co-occurrences,
which are extracted and classified into four tyvpes
according to the rules described in Implementation sec-
tion. Additional file 8, Figure 51 exemplifies a tagged
sentence extracted from the PubMed article identified
by PMID 19061405, The co-occurrence analysis starts
by (i) the creation of a list with the ocourring bicentities
(proteins or genes, [see Additional file 2, Table 52]) and
stimuli names present in precompiled dictionaries (see
Implementation ), for the whole abstract. In the example
the names detected were: HSP90, RAR1 and SGT1. {ii)
Further, each sentence is queried for the co-occurrences
of different biocentity names establishing pairs. In this

Determines Precisio

§ Feeds
et e
TrEMBL Gene Taxonomy
Feeds Network:
Raw Text
Medusa
Human Arena 3D Plant
Proteins Protein
Dictionary Dictionary
Exports

and Recall
BioCreative Qutputs MedlineRanker
Evaluation Application Riolnterackions
Dataset Dataset
Co-occurrences:
Type 1
Positives Negatives Type 2 Ranked Concepts
Abstracts Abstracts Type 3 Abstracts
Type 4 Dictionaries
National Library of Medicine: www.ncbi.nim.nih.gov/pubmed/

Figure 1 Pipeline for LAITORs development. LAITORS has been evaluated for coredt dassification of abstracts relevant to curation of pratein
pratein interactions from BioCreative Il challenge (evaluation dataset). Co-occumences of terms from the human peateins dictionary in these
abstracts have been wed % an indicator of relevance. Precision and recall have been measured as 059 and 048 respectively for the type 1 of
o-oocumences. Afterwards, for abstracts ranked 1o be related 1o host-pathogen interactions in plants {application dataset), LAITOR has generated
a list of co-occurmences and a netwaork represent atian of the terms from the plant protein dictionary which could be found in this dataset
Symbaol key: dark rectangles dictionanes; grey shapes abstract datasets; oylinders public databases; ellipser LAITOR soript; white rectangles

LAITOR s autputs;
N -
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example the co-occurrences of the types 1, 2 and 3 are
defined as follows.

Type 1: the pairs HSP90 and RAR1, as well as, HSP9)
and SGT1 were both extracted with the interleaved
bicinteraction term “interact” associating the members
of each pair (see Additional file 5, Table 52 for example
of a Biointeraction term representation in the Biointer-
action Dictionary).

Type 2: the pair RAR] and 5GT1 was extracted, with
the occurrence of the biointeraction “interact” in the
same sentence, however not interleaved.

Type 3: Other co-occurrences of the protein terms
(HSP90, RAR] and SGT1) found in the same sentence
were considered as co-occurrences of type 3.

Furthermore, the combinations of all the bicentity
names identified in the abstract, except synonyms, are
considered as co-ocourrences of type 4 (see Implemen-
tation for explanation).

Evaluation against BioCreative ||

LAITOR was compared to the Interaction Article Sub-
task (IAS) of BioCreative II text mining challenge [14].
Table 1 shows that LAITOR could predict abstracts
considered relevant for the curation of protein-protein
interaction (evaluation dataset) with a maximum preci-
sion of 0.89 and a corresponding recall of 0.48 consider-
ing type 1 co-occurrences (bicentities co-occur within
the same sentence, and they are interleaved by some
bicinteraction term; see Implementation for a detailed
description). Among the 19 evaluated methods for the
LAS task, LAITOR's predictions (considered to be a non
SVM-based prediction) demonstrated to be the second
mast precise method keeping a reasonable sensitivity
(recall) index. In predictions using the co-occurrence
types 2-4, which do not require the presence of a bicin-
teraction term, LAITOR produced results with a preci-
sion ranging from (.82 to 0.85, a recall ranging from
0.61 to 0.70 and a F-score ranging from 0.60 to 0.72
{See Table 1 for values for each type). This implies that
LAITOR's detection of protein co-occurrences with
biointeraction terms improves precision that the
expense of a small reduction of recall and therefore
increases the likelihood of filtered protein pairs from
such abstracts will indeed display biologically relevant
fact.

Table 1 LAITOR evaluation against BioCreative Il 1AS
subtask.

Type Precision Recall F-scome Accuracy
1 089 048 043 043
2 0,85 061 07 068
3 0,83 062 072 068
4 0,81 o7 060 080
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Manual examination of some false-positive abstracts
showed that although the bicinteraction was not cor-
rectly identified, the selected sentences described a rele.
vant biological interaction. For example, this sentence:
“Taken together, these results suggest that loss of RPAI
activates the Chk2 signaling pathway in an ATM-depen-
dent manner” (PMID: 15620706), was interpreted as
RPA1 activates Chk2 because the term “activates” was
found between the protein names RPA [Entrez Gene id:
6117] and Chk2 [Entrez Gene id: 11200]. The sentence
actually indicates a different relation but it is informa-
tive in terms defining a functional relation between
these two proteins.

In further comparison of LAITOR's performance with
other methods from the BioCreative II challenge in
order to correctly classify the IAS gold standard
abstracts, we scored LAITOR's prediction of these
abstracts with a score 5 = 5-T where T, that is the type
of co-occurrence, ranges from 1 to 4, according to the
presence of at least one sentence displaying a co-occur.
rence of types 1 to 4 (adopting 5 = 0 when no co-occur-
rence is detected in the abstract). Then, we calculated
the area under the receiver operating curve (AROC),
corresponding to (.74 (Figure 2).

Recaiver Opsrating Characteristic curve
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Falzs positive rate
Area under the curve= 0.74

Figure 2 Receiver Operating Characteristic (ROC) curve for
LAITOR predictions. The comespanding area under the curve
(AROC) s 074, calculated using the four types of interactions found
in such an abstract 2 a measurement of its owerall predictive

power. Nate that higher types include the lowest anes.
"
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Case-study: co-occurrence analysis of terms related to a
plant-pathogen interaction dataset

We performed a case study by applying LAITOR to
generate a list of green plant’s protein co-occurrences
related to host-pathogen interactions. Plants respond to
diverse environmental stimuli, biotic and abiotic, by
mobilizing specific protein networks used to identify its
source and to activate the cellular mechanisms to sur-
pass changes caused by stressful conditions. Commaonly,
the adaptative responses found in plants are flexible and
the same subset of proteins/genes can be activated by
different types of stimuli, including defense against
pathogens or tolerance under severe environmental con-
ditions [22]. Therefore, a system like LAITOR used in
this context should be expected to be useful in suggest
ing novel roles for known protein interactions.

Moreover, this topic is important for plant biotechno-
logical and physiological studies, since (i) diverse eco-
nomically important crops are attacked by several
phytopathogens in the field, which is prejudicial for agri-
cultural practices along the world [23], and (ii) culti
vated lands are often affected, for instance, by severe
abiotic conditions such as high salinity [24], drought
[25], over-flooding [26] or extreme cold [27]. As a result
of this interest, during the last few decades several
efforts have been dedicated to characterize these
mechanisms, which resulted in a fair amount of related
publications deposited in MEDLINE. These data com-
prises proteins or entire protein networks that are used
by plants, as well as chemicals identified to have a key
role in the signaling pathways that establish the plant
adaptative responses. Jasmonic acid (JA) [28], ethylene
(ET) [29] and salicvlic acid (SA) [30,31] are examples of
phytohormones employed by plants that act as signaling
molecules in diverse defense response networks [32].
This wealth of data facilitates a text mining procedure
such as LAITOR.

A total of 1,000 abstracts on the topic of green plant's
host-pathogen interactions were retrieved with Medli-
neRanker [26] (application dataset) and analysed with
LAITOR, of which 79 displayed at least one filtered co-
occurrence. From the total 9,823 parsed sentences
{including titles), 116 provided co-occurrences of the
different types and pairs of bicentities (Table 2). A total
of 263 pairs were retrieved from the application dataset.

In this dataset, a total of 68 different bicinteraction
terms could be identified among the co-occurring pairs,
considering that the co-occurrences of type 3 do not
restrict the filtering of bicinteraction terms in the sen-
tences. The top 10 most-common bicinteraction terms
and their frequencies within the application dataset are
shown in Additional file 9, Table 53.
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Table 2 Survey of sentences and pairs extraction using
the LAITOR algorithm on application dataset.

Type Sentences Pairs
1 25 52

2 35 3]

3 24 e

4 NoAS 21
Total 116 263

*MA: not applicable as LAMOR does not consider sentences 1o extract co-
oooumences of type 4.

Network visualization
LAITOR generates a network file relating the co-occur-
rences extracted. The nodes represent bioentities and
the edges their co-occurrences in the set of abstracts
used as input. Each edge is annotated by the type of co-
ocairrence from strictest (type 1) to least strict {type 4).
As an example we generated a network for a total of
51 nodes and 143 edges found in the application dataset
only representing the co-occurrences of type 1, in order
to reduce the complexity of the network [Additional file
10, Figure 52]. We illustrate the relevance for the analy-
sis of using the dictionary of concepts in Additional file
11, Figure 53. It can be noticed that the displayved sub-
network with 9 proteins (Additional file 11, Figure S3A;
this is one of the subnetworks of the network repre-
sented in Additional file 10, Figure 52} gained two more
members (catalase and 50D} when the concepts “oxida-
tive stress” and “jasmonic acid” were also considered
[see Additional file 11, Figure S3E]. The top 10 most-
common terms present in the concept dictionary and
their observed frequencies within the application dataset
are shown in Additional file 12, Table 54.

Hypothesis generation example

One of the most interesting applications of a co-occur-
rence based text mining analysis is the support given to
new hypothesis generation [33,34]. Here we explore this
functionality in LAITOR by examining the involvement
of a common member of the photosystern response and
disease signaling in Arabidopsis [see Additional file 13,
Figure 54].

Accessing the abstracts analyzed by LAITOR and
listed in Additional file 13, Figure 54B we observe that
the Arabidopsis thaliana gene RPS4 (RESISTANT TO
P. SYRINGAE 4 [Entrez GenelD: 834561]) confers
resistance to the bacterial pathogen Pseudomonas syr-
ingae carrying the avirulence gene avrEpsd [Entrez
GenelD: 3555344, PMID: 8589423]. We can use LA
TOR to find genes that could be hypothetically
involved in resistance mechanisms regulated by RPS4.
LAITOR associates this gene to several other genes. In

Tese de Doutorado em Bioinformatica

Adriano Barbosa da Silva



Resultados e Discussdes

37

Barbosa-Silva et al. BMC Bioinfarmatics 2010, 11:70
http fereaner biomedcentral.com/1471-210511/70

the topic of resistance against pathogens EDSI stands
out: we can see that RP54 requires the gene EDS1
(ENHANCED DISEASE SUSCEPTIBILITY1 [Entrez
Genel D 823964]) to confer avrRpsd-independent resis-
tance in tomato plants transiently expressing RPS4
[PMID: 15447648]. Using LAITOR we can see that
there is another pathogen resistance gene that, simi.
larly to RPS4, also requires EDS1, although in a differ-
ent context [see Additional file 13, Figure 54A]. This is
PAD4 (PHYTOALEXIN DEFICIENT4 [Entrez GenelD:
824408]), which confers resistance against the phloem-
feeding green peach aphid (GPA) infesting Arabidopsis,
and also requires its signaling and stabilizing partner
EDSI [PMID: 17725549].

Now, LAITOR shows that PAD4 is related to three
genes: LSD1 [Entrez GenelD: 827786], SIZ1 [Entrez
GenelD: 836163), and WIN3 |Entrez GenelD: 831173].
In more detail, a win3-T Arabidopsis (WIN3) mutant
shows greatly reduced resistance to the bacterial
pathogen Pseudomonas syringae carrving the avirulence
gene avrRpt2 and expression of this gene at an infec-
tion site partially requires PADZ [PMID:17918621].
The small Ubiquitin-like Modifier E3 Ligase (encoded
by the gene SIZ1) interacts epistatically with PAD4 to
regulate pathogenesis related gene expression and dis-
ease resistance [PMID: 17163880]. Finally, the disease
resistance signaling components ED51 and PAD4 are
essential regulators of the cell death pathway con-
trolled by L5SD1 in Arabidopsis [PMID: 11595797].

Given the fact that both RP54 and PAD4 require EDS1,
one could explore weather or not these three known tar-
gets of PAD4 (5121, WIN3, LSD1) could also be targets
of RP54, a fact not represented in the literature as evi
denced by the absence of matches for the PubMed query
“RP54 AND (5121 OR WIN3 OR LSD1)" [see Additional
file 13, Figure 54C]. This example highlights the potential
of LAITOR to unearth undiscovered public knowledge
[35] wsing the condensed information of abstracts [36].
Thus, the system is able to extract precise information
from the sentences in abstracts that can be used to gen-
erate new hypotheses.

Current limitations of LAITOR

The main limitations of the system can be classified as
those producing false positives and those producing false
negatives co-occcurring pairs. False negatives are mainly
due to terms not recognized to be gene/protein names,
and to failure to recognize a biointeraction. The first pro-
blem can be solved by improving the tagging mechanism
and the underlying dictionaries. We approach the second
by manually adding to the dictionary of biointeractions
those that we find to be common. Some false positives
co-occurrences are caused due to misrecognition of
gene/protein names and/or biointeractions. The current
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tagging is conservative and therefore does not increase
false identification of gene/protein names (see Material
and Methods); it actually constitutes the slower step of
the method. This ensures that the identified biointerac-
tions actually point to relevant sentences. Most falsely
identified biointeractions were orginating from sentences
with large numbers of genes. We are considering adding
an option to dismiss sentences with more than two gene/
proteins asa choice for users requiring greater accuracy.

Comparison to other similar systems specialized in co-
occurrence extraction

LAITOR is, as far as we know, the only method of co-
occurrence detection along with customized that has
been designed as standalone software to be included as
part of other systems. However, LAITOR has some
methodological particularities that merit comparison to
recently developed systems that apply biological term
co-occurrence as part of their functionalities.

STRING [37] is a web resource focused on a pre-com-
piled list of protein-protein interactions extracted by dif-
ferent methods. STRING uses Natural Language
Processing [ 38] to search for statistically relevant co-ocour-
rences of gene names, and also extract a subset of semanti-
cally specified interactions. Similady, iIHOP [15] is focused
on the navigation of the scientific literature using biologi-
cal term co-occurrence networks as a natural way of acces-
sing PubMed abstracts. iHOP's text mining approach
retrieves and ranks all the sentences for a given gene
according to significance, impact factor of published jour-
nal, publication date or syntax structures where the gene
occurs (Le. gene-biointeraction-gene pattern). Further-
more, iHOP uses MeSH terms as source for information
about gene function, what could be comparable to LAL
TOR's concepts search. Similarly to iHOP, co-occurrence
methods have been developed for plant-directed literature
analysis using Arabidopsis thaliana as a model [39]. This
system, called PLANZL, also classifies the extracted terms
and co-occurrences as being related to physical and regu-
latory events for developmental processes, as well as with
sub-cellular context, for that PLANZL uses from co-ocour-
rence to syntactic/semantic rule-based algorithms and
supervised machine learning methods.

Although being designed for different purposes, we
compared the features among LAITOR, STRING and
iHOP (Table 3), once that these systems use biological
term co-occurrences as part of their text mining strategies.

The main novelty of LAITOR in comparison to pre-
vious published software, besides the implementation of
the concepts search, is the possibility to customize the
dictionaries to be considered in the co-occurrence ana-
lysis (bioentities and biointeractions).

Reflecting this flexibility, we have included in the
current LAITOR's distribution package a set of genes
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Table 3 Comparison of features between LAITOR, STRING and iHOP,
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Features LAITOR STRING iHOP

Software type  Command-line script Website application Website application
nfarmation Any type of text loaded by the user feg Pubhed, G0, OMIM, The Interactive Fly Pubdvied

SOUNCEY PubMed, OMIM, Wikipedia)

Text lirmit Any type of tagaed text Only abstracts Only abstracts

Pratein name
tagging

Depends of external software (MLPROT),
confers against kaded dictionary

YES filtered by wlected organiem

YES, fitered by selected arganism

List of used

Flesibde user-based dictionary input

Variety of pre-compiled didtionaries

Entrezr Gene, FhyBase, UniPrat and
HUGD Nomenclature Cammittee

KHTYITIS
Explares YES, finds user loaded concepts linked toa  NOT
biclagical O-OCCURNG pair at sermence lewe

cancepts

EL, searches spedes names,
MeSH and campaund terms

Extracts co
aCoumanoes

YES, considering whaole text and isolated
Sentences

T

YES limited to the whale abstract

YES, at sentence level anly

amang
prateins

Extracts YES, considerning a bidinteractions dictianary  NOT YES, considering a pre-campiled
interactions defined by the user biginteractians dictionary
Amang

proteins

Terms co YES, extracts terms mentioned in the fu YES extract terms mentionad together in YES, extracts tenms mentianed in

QoCurmenoes

text or in isolated sentences at different
structures which are scored differently

abstracts, mare aften than what woukd be
expacted by chance based an their overa
aoCurence

wolated sentences

Lemantic

YES, extracts the bicinteractions and

NOT, anly checks co-occumences of terms

YES, extracts the bainteractions

concepts linked o an extracted pair at
sermence level in different co-occumence
tvpes

understanding

and concepts linksd to an
extracted pair at sermence lew

Co-occurence  YES, displays the frequency that a pair co

% anly the number of times that a pair co

MO

frequency accumed in general sentences, and far each accurred in each abstract

repart found Biaginteraction

Outputs YES, in tabular farmat and in precompiled  YES displays the network in the browser from YES, users can build a netwark by
netwiark farmats for third-pant applications selected abstracts adding a set of nodes per time by

(AREMAID, MEDUISA)

selecting desired abstracts

symbaols/synonvms dictionaries pre-compiled from
GeneDB records and divided by all the organisms
deposited NCBI's Taxonomy Database http://www.
nchi.nlm.nih.gov/Taxonomy, in addition to the green
plants dictionary used in the test case described above,
making it possible to use LAITOR virtually for any
species with gene data. Furthermore, in order to pro-
vide users with a wide set of relevant dictionaries for
the concepts search, we compiled LAITOR's concepts
dictionaries for each of the NCBI's Medical Subject
Headlines (Me5H) main tree structures http://www.
nlm.nih.gov/mesh/trees2008.html. The information
about how to use these dictionaries is available in the
documentation file of LAITOR.

Conclusions

We presented here a new text mining software compo-
nent called LAITOR, which performs co-occurrence ana-
lysis of scientific abstracts where biclogical entities are
filtered from the tagged text using a user defined bioen.
tity dictionary as support. Subsequently, a rule based

swstem is used to detect the co-occurrence of such names
along with biointeraction and, optionally, other biological
terms provided by the Concepts Dictionary (such as sti-
muli), in scientific abstracts. We provide here an example
of knowledge discovery by applying LAITOR to a subset
of abstracts published about defense mechanisms in Ara-
bidopsis. In this example, genes from different contexts
(light and pathogen responses) have been placed
together. Additionally, we have explored a new feature in
biological text mining, which is the application of a user
pre-defined concept dictionary in order to mine the lit-
erature and gather facts previously not reported together.
Here, we have evidenced that the inclusion of the con-
cept “oxidative stress” in the analysis conducted for Ara-
bidopsis abstracts has brought two new members to a
predicted gene network thought to be related to “jasmo-
nic acid” signaling pathway.

Taken together, our results suggest that LAITOR is
very precise in identifying abstracts of scientific litera-
ture mentioning interactions between genes and pro-
teins. LAITOR is able to extract very variable types of
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protein co-occurrences, no matter how they have been
cited in the abstract. In our future work, we intend to
adapt LAITOR components to an on-line tool, in which
users, as well as computers (using the web services tech-
nology) will be able to load their desired literature and
perform a LAITOR-based co-occurrence analysis that,
integrated with other databases (for example, KEGG
[40]}, will provide a flexible framework for literature
mining-based knowledge discovery.

Availability and requirements

LAITOR is distributed under the General Public License
(GPL). Access http://laitor.sourceforge.net to obtain
LAITOR's repository and its doamentation from Sour-
ceForge.net.

LAITOR requires Linux as operating system, PHP ver-
sion 53.2 or superior, MyS50QL version 5045 or superior
to run. Additional information is found on-line in the
LAITOR documentation file.

Additional file 1: Appcaton datasst
Chick here for file
[Rttoedfweae omedcentral camycontentSunp lementang 47 1-2105-11-
F0-51.THT]

Additional file 2: Table 51: Example of a protein temm and its snanyms

representation in the Protsin Dhctionarny
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70-5200C]
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Additional file 10: Bgure 52 Full neteark created by LATTOR fom
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5.2 SEED LINKAGE: UM PROGRAMA PARA AGRUPAMENTO DE PROTEINAS
COGNATAS EM GENOMAS DISTINTOS A PARTIR DE LIGACOES MULTIPLAS A
UMA SEQUENCIA FUNDADORA.

Apresentamos neste artigo um novo método para criar agrupamentos de proteinas
relacionadas do ponto de vista de similaridade de seqUéncia a partir de uma “seed” original
(seqUéncia fundadora).

Conforme descrevemos inicialmente, existem diversos métodos de se detectar proteinas
que provavelmente compartiham a mesma funcdo através da similaridade de seqiéncia
apresentada por elas. Esta estratégia permite a anotagdo “a priori” de proteinas desconhecidas a
partir daquela designada para proteinas bem estudadas. Ao mesmo tempo, seqliéncias similares
mostram indicativos de descendéncia evolutiva comum, e que é considerado pelo nosso método
adotando o sistema de classificagcao proposto por Koonin e Sonnhammer.

Alguns métodos desempenham uma funcdo similar a proposta neste artigo, como o
Multiparanoid e o COG. Esses métodos, entretanto, foram desenvolvidos para agrupar proteinas
similares quando proteomas completos das espécies envolvidas sdo analisados. Tais estratégias
criam grupos de proteinas co-ortélogas e paralogas internas para cada organismo. Contudo, foi
mostrado que na base de dados COG a chance de inclusdo de proteinas pardlogas externas,
indesejaveis em tais agrupamentos, € maior do que na base Multiparanoid-DB.

Em ambas estratégias, caso o usuario esteja interessado nas proteinas similares que
possam compartilhar uma funcdo semelhante a uma determinada proteina de interesse, ele teria
que localizar qual agrupamento pré-definido para as espécies analisadas contém esta proteina, e
limitar a analise dentro das espécies utilizadas pelos supracitados métodos, sem ter a chance de
estender a analise para outros organismos de interesse com os mesmos critérios em que o0s
agrupamentos foram criados (métodos KOG e Multiparanoid).

Através do Seed Linkage, método apresentado neste artigo, o usuario pode analisar para
todos os organismos presentes na base de dados, quais seriam as proteinas que se agrupam com
uma “seed” original, sem ter que para isso utilizar como “input” da andlise todas as proteinas de
todos os organismos envolvidos, um processo que demanda tempo e intensa atividade
computacional.

O Seed Linkage baseia-se na estratégia fundamental adotada pelos métodos COG e
Multiparanoid: a existéncia de melhor hit bi-direcional (bidirectional best hit, BBH) entre os pares
de ort6logos mais provaveis entre pelo menos dois organismos diferentes (trés no caso do COG).
Em nosso caso, é requerida pelo menos identidade e percentual de alinhamento minimos de 50%
contra a “seed”, para dai proceder com a captura de seqiiéncias paralogas internas em cada um
dos organismos considerados. Entretanto, um conjunto de regras é aplicado para tornar mais
rigorosa a inclusdo de novas seqiéncias nos grupos. Por exemplo, a presenca de um BBH da

seqléncia “seed” com qualquer organismo da base de dados estabelece um limite para incluséo
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de seqiiéncias paralogas internas em ambos organismos sujeitos a BBH; tanto no organismo
“seed” (aquele da sequiéncia original) quanto nos organismos candidatos (aqueles sujeitos ao
BBH). As sequéncias paralogas internas s6 sdo incluidas se apresentarem melhor hit contra o par
do BBH correspondente no seu préprio organismo e com escore de alinhamento maior ou igual ao
escore entre o par do BBH ao par correspondente no outro organismo. Em casos excepcionais de
duplicagdo linhagem especifica recente, a seqiiéncia candidata a paraloga interna que ndo possui
o par do BBH mas sim uma terceira seqiéncia como melhor hit nesse alinhamento s6 é
incorporada ao “cluster” se esta terceira seqiiéncia ja houver sido previamente incorporada como
paraloga interna. Ao final da busca por paralogos internos no organismo “seed”, estas seqliéncias
sdo elevadas a condigdo de “seed” para iniciar todo o processo contra os organismos candidatos,
0 que reduz o viés para escolha aleatéria de seqliéncias arbitrarias a serem utilizadas como seed
original.

Para tratar casos onde a sequéncia original utilizada como “seed” nao estabelece BBH
contra nenhum organismo da base de dados, n6s estudamos alguns pardmetros baseados em
limites de escore bruto e relativo para inclusdo de seqiéncias paralogas internas mesmo com a
auséncia de um BBH. Estes resultados mostraram que, para o conjunto controle adotado, o limite
de escore relativo (o percentual do valor do escore da “seed” contra ela mesma) que uma paraloga
interna precisa apresentar contra a “seed” deve ser maior ou igual a 30%. Nota-se que este
parametro é razoavel, uma vez que naturalmente, para todos os casos, limites de escore minimo e
cobertura de alinhamento precisam ser previamente superados.

Embora tenha sido desenvolvido inicialmente para criar agrupamentos a partir de uma
Unica seqlUéncia “seed” original, 0 método Seed Linkage pode ser aplicado para multiplas “seeds”
através da desambigliacdo dos agrupamentos formados para cada uma das “seeds” individuais.
Dessa maneira, o Seed Linkage p6de ser comparado ao Multiparanoid, uma vez que este é o
método que se sobressai na definicao co-ortélogos e paralogos internos nos agrupamentos de
proteinas para multiplos organismos.

Outras duas avaliagdes foram realizadas no método Seed Linkage. A primeira com
relagdo a capacidade do método ser aplicado a seqiéncias de organismos com proteoma
incompleto; para isso conduzimos simula¢des através da utilizagdo de agrupamentos onde os
todos os organismos envolvidos apresentavam mais de quatro sequéncias agrupadas. Nesses
agrupamentos, de uma a trés seqléncias foram removidas, e as demais seqiéncias dos outros
organismos foram usadas como “seed” na tentativa de reconstruir o grupo. A segunda avaliacao
testou o poder de agrupamento do Seed Linkage quando apenas um round de interacao foi
permitido, o que torna o método similar ao método RBH (reciprocal best hit), dessa maneira
apenas um parélogo interno é considerado no organismo “seed” e 0s organismos candidatos estao

sujeitos apenas a um BBH (o provavel ortélogo da “seed”).
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O método Seed Linkage diferencia-se dos previamente publicados na literatura pela
possibilidade de focalizar o agrupamento de proteinas similares entre organismos distintos com
base numa Unica proteina inicial de interesse, o que simplifica a identificacdo de proteinas que
possam desempenhar um papel biolégico semelhante a proteina “seed” escolhida. O método
utiliza as definicdes propostas por Koonin e Sonnhammer para classificar proteinas relacionadas
como co-ortélogas ou pardlogas internas, caso a comparagdo seja feita entre organismos
diferentes ou dentro do proprio organismo, respectivamente. Como 0 nosso interesse nao é
estabelecer as relagbes filogenéticas entre as seqiliéncias estudadas, e sim posicionar no mesmo
agrupamento seqiiéncias protéicas similares que possam também compartilhar a mesma fungao
biolégica, usamos as definicbes acima indicadas apenas para facilitar a implementagédo € o
controle do nosso algoritmo. Dessa maneira, dados dois organismos A e B num mesmo
agrupamento, todas as seqUéncias do organismo A sdo consideradas co-ortélogas a todas as
seqUéncias do organismo B, assim como as sequiéncias do organismo A sdo consideradas
paralogas internas entre si, 0 mesmo para as sequéncias do organismo B.

Diferentemente dos métodos anteriores, o Seed Linkage permite que a relacdo de BBH
seja indireta, proporcionando que “seeds” escolhidas arbitrariamente pelo usuario ndo criem um
viés na analise. Para isso, mesmo que o melhor hit de uma proteina de interesse num
determinado organismo candidato ndo corresponda a seqléncia BBH, caso esta seqliéncia
estabeleca um BBH com um paralogo interno previamente selecionado, este é considerado um
BBH, e habilitado a iniciar a busca por seus paralogos internos no organismo candidato. Da
mesma maneira, durante a busca pelos paralogos internos, seja no organismo “seed” ou nos
candidatos, o melhor hit das seqlUéncias candidatas a paralogas internas pode ser tanto a “seed”
original (ou o BBH) ou qualquer outra seqiéncia previamente agrupada como paréloga interna.

Além de permitir o agrupamento de seqiiéncias relacionadas a uma “seed” desejavel, o
método Seed Linkage pode também ser aplicado na criacdo de agrupamentos multiplos, sem que
para isso todo o proteoma precise ser analisado. Neste caso, basta o usuario fornecer uma lista
com todas as proteinas originais a serem utilizadas como “seed”. Em seguida, depois que os
agrupamentos individuais forem estabelecidos, regras de desambiguacdo sdo criadas para
resolver casos de redundancia entre os grupos. Dessa maneira, é possivel através do método
Seed Linkage focalizar nas proteinas de interesse e evitar demasiado processamento
computacional para que as seqléncias de todo o proteoma sejam analisadas.

O método Seed Linkage é implementado em PHP e documentado de maneira tal que
possa ser distribuido gratuitamente aos membros da comunidade cientifica interessados no estudo
de algoritmos para agrupamento de seqiiéncias de proteinas, ou apenas aqueles interessados em
utilizar os recursos do sistema de uma maneira facil e rapida. Este método foi publicado na revista
BMC Bioinformatics com o titulo: “Clustering of cognate proteins among distinct proteomes

derived from multiple links to a single seed sequence” (Barbosa-Silva et al., 2008).
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Abstract

Background: Modern proteomes evolved by modification of pre-existing ones. It is extremely
important to comparative biology that related proteins be identified as members of the same
cognate group, since a characterized putative homolog could be used to find clues about the
function of uncharacterized proteins from the same group. Typically, databases of related proteins
focus on those from completely-sequenced genomes. Unfortunately, relatively few organisms have
had their genomes fully sequenced; accordingly, many proteins are ignored by the currently
available databases of cognate proteins, despite the high amount of important genes that are
functionally described only for these incomplete proteomes.

Results: We have developed a method to cluster cognate proteins from multiple organisms
beginning with only one sequence, through connectivity saturation with that Seed sequence. We
show that the generated clusters are in agreement with some other approaches based on full
genome comparison.

Conclusion: The method produced results that are as reliable as those produced by conventional
clustering approaches. Generating clusters based only on individual proteins of interest is less time
consuming than generating clusters for whole proteomes.

carrying closely-related proteomes can produce highly
related protein sets.

Background
Modern proteomes are generated from ancestral ones by
modifications that occur at the DNA level of the corre-

sponding coding genomes. Such modifications (termed
genetic variations) have different sources, among them:
mutations, genetic recombination and alternative splicing
(the last occurring at the RNA level). All generate variabil-
ity in the protein repository present in one population. As
a result, after isolation and speciation events, populations

However, a great part of the cognate proteins encoded by
distinct proteomes is strictly similar, at the sequence level,
to their counterparts in related species. This similarity is
more than structural, often reflecting also in the function
of these proteins in the biological system. Proteins derived
from a common ancestor are termed homologs.
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There are different subtypes of homology relationships
attributed to proteins based on an evolutionary point of
view. Among these, we highlight those proposed by Son-
nhammer and Koonin [1] which defines orthologs, in-
paralogs and ocut-paralogs as subtypes of homolog pro-
tein/genes, which can be operationally used by bioinfor-
matics tools.

Several approaches have been designed to cluster related
sequences from different organisms into the same
ortholog group. Some of them use either all-versus-all
alignments among different species [2] or pair-wise align-
ment among target organisms 3] as well. Each of these
techniques is based on information deposited for fully
sequenced genomes, and generate distinct ortholog
groups using customized algorithms or thresholds in their
searches [4-6].

Despite the prosperity of methods for definition of
ortholog proteins among complete proteomes, there are
few developments when it is desired to define such groups
when poorly sequenced or unfinished proteomes are
included in the search. Furthermore, most of the available
methods are used in a high-throughput way, considering
the whaole protein dataset.

Here, we propose a methodology for finding highly-
related groups of proteins to one single desired Seed
sequence, classifying each of them as potential orthologs
or in-paralogs into complete and or unfinished pro-
teomes,

Methods

Algorithm

Input dataset

Seed Linkage runs using as input a fasta formatted data-
base and a MySQL [7] table that contains taxonomic
information {obtained from NCEI Taxonomy database)
for all sequences contained in the database. The fasta file
is expected to contain seed sequences and all candidate
sequences with which one aims to establish a clustering
relationship. Using the access to the MySQL database the
program  automatically recognizes which sequence
belongs to which organism, a procedure that facilitates
the setup and limits BLAST searches to the set of interest
(the ongoing hits). We have tested and established the
best thresholds that allows a sequence to be selected as a
correct member of a group, which allows the possibility of
working with sequences from organisms with incom-
pletely-sequenced genomes.

Alignment details

Alignments between sequences are obtained with NCBI
BLAST: BLASTp program [8], 10-1? Ewvalue cutoff, low
complexity filter off (-F f), tabular cutput {-m 8). BLAST

hitp:ffwaw biomedcentral comM471-2105/9/141

parameters specified in the Seed Linkage configuration
file can be altered by the user. To minimize the problem
of fused genes/domains we defined 50% as the cut-off for
both minimum identity and alignment coverage (with the
Seed sequence), as explained by Remm et al. |3]; this too
can be customized.

The main trait that distinguishes the Seed Linkage method
from other approaches is the manner by which the align-
ments are conducted. The seed protein from the Seed
Organism is used in a BLAST search against the full data-
base, and the best hit from each organism is used as sec-
ondary query sequence. The secondary query is
considered a bidirectional best hit subject (EBHsj) for its
organism when the original Seed is its best hit from the
Seed Organism. The BBHsj is considered as a putative
ortholog in that organism; from the information con-
tained in these alignments inparalogs are gathered as

described below.

Inparalog search into Seed Organism

The Seed-to-BEHsj score from the best scaring organism is
used as a threshold to limit inparalog inclusion for pro-
teins encoded by the Seed Organism. This means thatonly
inparalog candidates that are more [or equally) similar to
the seed sequence than the highest scoring BEHsj will be
grouped with the Seed (Figure 1). Besides surpassing the
threshaolds, an inparalog candidate is grouped only if it
shows a BBH relationship with either the Seed or with an
already-grouped inparalog.

If the Seed does not establish any BBH relationship with
sequences from other organisms, the inparalog retrieval
score [imit in the Seed Organism is set to a minimum value
for the parameter called SEED-Inparalog . soore 2iven
by the formula:

SEED-Inparalog v sore= Score_inparalog vs_SEED/
Score_SEED_ws_SEED n

This parameter is set to a default value of 0.3 (see
"Results'] but can be customized during setup. This
means that all inparalog candidates have to present a
score that is at least 30% of the score of the Seed against
itself. Similarly, for other searches, an inparalog candidate
is grouped only if it shows a BBH relationship with either
the Seed or with an already grouped inparalog (Figure 1,
black or upstream grey diamonds).

Inparalog search for Candidate Species

Candidate Species are organisms where a BBHsj was
found by the initial alignment to the Seed. The score of the
BBHsj against the Seed is used to limit the inparalog
search within this respective species, as shown in Figure 1.
Moreover, an inparalog candidate is grouped only if it
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BBH algorithm adopted for Seed Linkage. The algorithm starts by aligning the Seed sequence from the Seed Organism
{black diameond) te sequences from all other organisms in the database (circles in Candidate Species), searching for a BBH for
each Species. The score BEH| between the Seed and the highest-scoring sequence (black circle in Spl) defines the inparalog
retrieval score limit in Seed Organism. The inparalogs for the Seed Organism are those sequences whose alignment score
between the Seed and the potential inparalog (grey diamonds) exceeds BBH | (dashed baxes within Seed Organism). The BEH
scores (BBH |_) are used to filter potential inparalogs (grey circles) from the respective Candidate Species (Spl -4, respectively)
when the BBHsj from each species (black circles) are used as secondary queries against proteins from the Candidate Species
genome. These threshalds aim to aveid the inclusion of additional spuricus sequences in clusters {(white diamends and circles).
Inclusion requires a BBH relatienship between candidates (grey symbels to be incorporated) and already grouped sequences

{black and grey symbels) within the respective Candidate Species.

shows a BEH relationship with either the BBHsj or with an
already grouped inparalog,

Ieration

All inparalogs from the Seed Organism, but not the
grouped proteins from the Candidate Species (BEHsj and
its inparalogs), are brought to the condition of Seed and
the process of clustering is repeated either until it con-
verges or by a limited number of rounds, set by the param-
eter "r" in the script. The default is r = 10, but this can also
be customized during input. That means that all inpara-
logs from the Seed Organism are allowed to gather addi-
tional inparalogs, plus orthologs and their respective
inparalogs in Candidate Species, until at the most the 10%

search for inparalogs from the Seed Organism is done.
However, iterations will always respect the inparalog
retrieval score limit defined by the original Seed in the Seed
Organism; and the score between the added inparalog
used as Seed against its BEHsj as threshold to limit the
inparalog inclusion from the Candidate Species.

Search of almost identical inparalog candidates

The tree diagram in Figure 2 exemplifies a case of what we

term ‘'hidden inparalogy'. Consider sequence Al from
organism A [as either Seed or BEHsj), and two other
sequences A2 and A3 generated by a lineage-specific
duplication event so they are more similar to each other
than to sequence Al. Then, A2 and A3 will not match Al
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Distance tree showing very similar inparalogs A2 and
AJ. The best hit of sequence A3 (Seed), within organism B, is
El. However, when Bl is reciprocally aligned against
sequences from organism A, A2 is the best hit, not A3, since
A2 and A3 are very similar inparalogs. Bl is considered to
form a BBH with A3 (Seed) if A3 appears at the 2" pasition
in the reciprocal alignment and A2 has a BBH relationship
with A3. Another 'hidden inparalogy’ case cecurs with inpar-
alog searches beginning with Al being A2 and A3 inparalog
candidates. A2 is considered to form a BBH with Al (Seed) if
Al appears at the 2 position in the reciprocal alignment and
A2 has a BBH relationship with A3.

reciprocally; instead, they will match each other. To solve
this problem, when an already-grouped protein (black
and grey symbolsin Figure 1, e.g Al) is 2™ in the returned
alignment, the candidate is considered to have a recipro-
cal match, given that the pair A2-A3 does establish a BEH.

Search initiated by a Seed with an almost identical inparalog
Similar to the previous case, when a sequence A3 from
organism A is used as Seed in a search for BBHsj from
organism B, often sequence Bl matches reciprocally A3 in
the organism A. However, consider sequence A2, an inpar-
alog of A3, being more ancient in Organism A than A3, In
this scenario, Bl will match reciprocally A2 instead of A3
To cope with this event, when Seed [e.g. A3) is 20 in the
returned alignment, the candidate is considered to have a
reciprocal match, given that the pair A2-A3 actually estab-
lishes a BEH.

Batch search

Though not aiming to generate clusters starting with mul-
tiple seed sequences, the Seed Linkage approach permits
users to create such clusters by initally defining individ-
wal clusters through a batch search executed by the pro-
gram, followed by the application of disambiguation
rules. Thus, the user does not need w verify whether or
not Seed sequences may be inparalogs.

hitp:ffwww biomedcentral comi1471-2105/9/141

Cluster disambiguation

Considering two clusters i and j, with size (number of
sequences] MNi and Nj, we defined four relationships
between clusters i and j:

(1) iis contained in j: in this case, if all the sequences of
cluster i also belongs to cluster j, then cluster i is deleted.

(2) i is identical w cluster j: in this case, just one of the
clusters is maintained.

(3)iiscompletely distinct from j: in this case both clusters
are kept separately.

(4) i has elements in common with cluster j: in this case,
if cluster j is larger than cluster i, and more than 50% of
the sequences in clusteri are present in cluster j, than clus-
ters i and j are merged, otherwise they are maintained sep-
arately.

Implementation

Core scripts

The algorithm described above was implemented as a
Linux command line script written in PHP command line
interface |9]. The script is connected to a MySQL database
where the information regarding to the sequence source
database is stored as simple tables. Furthermore, it is also
necessary to set a fasta sequence database and the path of
the alignment software must be edited in the script. To
facilitate database formatting we have developed a config-
uration file, in which the parameters pertaining to the
script can be easily adjusted.

The main package consists of three files, clearly docu-
mented. Additional scripts to parse the model databases
are provided within the package as Additional file 1.

Algorithm evaluation

Manually curated database and non-related sequences

To validate the Seed Linkage approach a manually-curated
dataset of 1363 trans-membrane proteins [10] previously
grouped into 221 reference clusters was used as Seed
against the proteome sequences of the following organ-
isms: C. elegans (Cel), D. melanogaster (Dme) and H. sapi-
ens (Hsa), comprising 19099, 14100 and 35118
sequences, respectively. The rebuilt clusters [RCs] were
disambiguated and the resultant clusters were compared
to the original reference clusters.

Results

To develop and verify a procedure that results in clusters
of proteins linked to seed sequences, we have chosen o
assay the same manually-curated database of trans-mem-
brane proteins that was used to verify clusters using the
Inparanoid procedure. Briefly, Inparancid drives auto-
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matic clustering of orthologs and inparalogs shared by
different organisms with completely-sequenced genomes
[3.11] or even by multiple proteomes from large taxo-
nomic groups [4]. The manually-curated database con-
tains 1363 sequences that are expected to constitute 221
manual clusters (MCs). The Seed Linkage procedure was
applied to each sequence as Seed. As a challenge to cor-
rectly form  clusters without including additional
sequences, the BLAST database also included the com-
plete proteomes from worm, fly and man, adding up to
66,954 entries. Grouped inparalog candidates were then
iteratively treated as new Seeds and the resultant clusters
were disambiguated.

Clustering

The batch search seript provided by the Seed Linkage
package was used to run the 1363 individual processes. As
detailed in 'Methods," only the cutoff for the parameter
SEED-Inparal ogaive_score Was omitted. Moreover, for the
primary analysis (Figures 3, 4, 5, 6, 7, §), cluster disam-
biguation was not performed. Of the generated clusters,
114 Seeds (8.36%, belonging o 17 curated clusters)
remained as clusters of size 1 {actually not forming clus-
ters), while the remaining 1249 sequences formed clusters
whose size ranged from 2 up to 103 sequences (Figure 3).
A lesser number of Seeds {173 sequences, 12.6%) partici-
pated in the largest clusters (=11 members). Sequences
grouped by Seed Linkage always require a BEH relation-
ship with either a Seed or previously grouped sequences
so, in this experiment, a total of 7289 BBH events
occurred, with 5582 events (76.6%) composed of
sequences from the original trans-membrane dataset, and
1707 events involving additional sequences (737 distinct
sequences ). Thus, additional filtering seemed to be neces-
sary to reduce the chance of mis-inclusion of spurious
sequences; some of these might be out-paralogs, which
could have diverged significantly to acquire new function-
alities [1].

Inparaleg thresheold evaluation

The thresholds (similarity = 50, alignment coverage = 50
and E-value = 10-19) used in BLAST alignments, together
with the requirement of a BEH relationship for the
sequence to be grouped, were not enough to limit the
inclusion of additional sequences. In clusters lacking a ref-
erence BBHsj, this could be even more relevant since the
search for inparalogs from the Seed Organism might tend
to include outparalogs, which iteratively could include
undesirable sequences. We decided to investigate two var-
iables potentially useful in this task: raw and relative
scoTes.

Raw score
We graphed the number of sequences from the original
(trans-membrane] and additional {complementary pro-

httpifwaww biomedcentral.comMM471-2105/9141

teomes) datasets that were recruited into the RCs against
the raw score between each accepted inparalog candidate
and either Seed (in Seed Organism) or BBHsj (in Candi-
date Species). Due to the expected possibility that the
same sequence is gathered by different query sequences
into distinct clusters, we reported all inclusion events for
bath original and additional sequences. The analysis was
applied to clusters initiated either with or without a BBHs;j
reference hit (+BBHsj, -BBHsj). Figure 4 shows the raw
score distribution in the batch search. For clusters initi-
ated with a BBHSsj (Figure 4a), the distribution of raw
score resulting in the recruitment of additional sequences
(filled symbols) resembles, although in lower proportion,
that of original sequences (open symbols). This suggests
that additional filtering would not significantly avoid
gathering undesirable proteins. In these cases, the score
Seed/BBHs] might have acted as a natural inparalog
retrieval score limit for inparalog inclusion. However, the
distribution of raw scores presented during the recruit-
ment of additional sequences in the absence of a BBHs;j
(Figure 4b, filled symbaols) was remarkably concentrated
at the low raw scores, indicating that an inparalog retrieval
score limit could be set to a value such as 400 bits, since
589 of the gathering events for additional sequences were
concentrated below this range, as opposed to 19% for
original sequences.

Relative score

The second analyzed parameter was the relative score. The
ratio between the score of each gathering event and the
score of Seed self-alignment was recorded. Again, in the
presence of a BEHsj, the distribution of relative scores for
the additional sequences is not distinct from those for the
original ones (Figure 5a). However, Figure 5 shows that
57% of the gathering events of additional sequences occur
in relative score ranges less than orequal to 0.3 (Figure 5b,
filled symbols). In the same range, only 8% of gathering
events of original sequences happen.

Alternative inparalogs thresholds definition

Considering the results above, we tested raw score 400
and relative score 0.3 as thresholds to minimize the inclu-
sion of additional sequences to the MCs during Seed Link-
age rebuilding. Data in Figure 6a shows that gathering
events of original sequences represent 34% and 46% of
the total alignments in clusters with and without a BBHsj,
while gathering events of additional sequences represent
3% and 16%, respectively.

Adopting a threshold for inclusion of sequences with rel-
ative score higher than 0.2 (Figure 6b), the percentage of
gathering events of original sequences decreased very little
(to 339 and 42%, in clusters with and lacking a BBHsj,
respectively). Similar behavior was observed for gathering
events of additional sequences in clusters with a BBHs;j
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Figure 4

Raw score distribution in clusters with (a) or lacking (b) a BBHSsj reference sequence. The alignment score to Seed
for each gathering event was saved and the percentage of events within each class of score interval (binned in 50-bit incre-
ments) was determined. Legend: '+BBHsj original' and '+BBHsj additicnal’, gathering events invalving sequences respectively
present or absent in manual clusters, in clusters with BEHsj reference sequence; -BBHsj original’ and '-BBHsj additional', gath-
ering events involving sequences respectively present or absent in manual clusters, in clusters lacking a BEBHsj reference
sequence.
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Figure 5

Relative score distribution in clusters with (a) or
lacking (b) a BBHsj sequence. The alignment score to
Seed divided by the score of Seed aligned to itself for each
gathering event was saved and the percentage of events
within each class of fraction of seed score interval (binned in
.| intervals) was determined. Legend: '+BBHs| original' and
'+BBHsj additional’, gathering events involving sequences
respectively present or absent in manual clusters, in clusters
with BBHsj reference sequence; -BBHsj original' and "-BEHs;|
additicnal’, gathering events invelving sequences respectively
present or absent in manual clusters, in clusters lacking a
BBHs| reference sequence.

(maintained at 3%6). Remarkably, these events decreased
to 7% in clusters without a BEHsj. Analyzing the effect of
a raw score cutoff of 400 bis (Figure 6c), it is observed
that the proportion of gathering events of original
sequences decreased slightly more than using the relative
score cutoff (Figure 6b), reaching 37% in the clusters lack-
ing a BBHsj, without an effect on the gathering events of
additional sequences in absence of BBHsj. Thus, adoption
of a cutoff based on relative score 0.3 appears to be more
efficient than using a raw scrore 400 cutoff. Furthermore,
the adoption of an extra inparalog retricval score limit does
not appear to be necessary in when a BBHsj is established.
A direct comparison between the two approaches - raw

http:fwww biomedcentral. com/M471-2105/%141

and relative score — is presented by ROC curves shown in
Figure 7. In the presence of a BBHsj (open symbols) the
percentage of accumulated original sequences increases
linearly as the cutoff is made less stringent. However, for
the clustering initiated without a BBHsj (solid symbaols) a
cutoff less than either 400 (Figure 7a) or 0.3 (Figure 7h)
drives the procedure to recruit relatively more additional
sequences than original sequences. The use of the relative
cutoff appears to be advantageous, so it has been adopted
as default.

Post-filtering analysis of remaining additional sequences
Having applied the 0.3 relative score cutoft to clusters ini-
tiated both with and without a BBHsj, an analysis of the
order in which the sequences were gathered reveals a curi-
ous phenomenon: the inclusion of original sequences
after the inclusion of additional ones. Data in Figure 8
indicates that this scenario is frequent ("+Posteriors’),
520 of all events. These events comprise a total of 275
additional sequences, whereas 149 out of them (54.2%)
have been gathered before an original one at least once.
This might suggest that some gathered additional
sequences were not recruited inappropriately. In fact, an
analysis of the structural presence of trans-membrane
domains (TM) shows that most of the additional
sequences gathered with manual sequences a posteriori dis-
play at least two TM segments (133 cut of 149, 89.3%4).
From the 126 additional sequences gathered at the last
position by the algorithm, an additional 20 sequences
also displayed at least two TM segments. Thus, possibly
133 plus 20 out of the 275 additional sequences (55.6%)
might have had been suitably gathered.

Cluster disambiguation and comparison to manually
curated dataset

After applying the 0.3 threshold to filter all inparalog
sequences below or equal to this level in clusters initiated
without a BBHsj, the resultant clusters were disambigua-
ted using the rules described in "Methods." After disam-
biguation, a total of 1638 unique sequences remained in
the dataset This represents an increase of 20% over the
initial number of Seeds used, corresponding to the inclu-
sion of 275 additional sequences 1o the original 1363
ones. As suggested abowve, some of them (153] might have
not been inappropriately gathered, what would represent
an increase of just 9.3% in the initial universe of 1363
original sequences.

With disambiguation, the initial 1249 clusters formed by
the 1363 seed sequences were reduced to 263 clusters and
38 singlets [which belong to 19 MCs), which approxi-
mates the expected number of 221 MCs. Some MCs (59
out of 221, 26.7%) were split into more than one RC,
while the remaining 162 MCs (73.2%) were represented
by only one RC each. Conversely, 248 out of the 263 RCs
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(94.39%) were built with sequences from only a single MC,
and within these, just 118 RCs (47.5% of 248) have gath-
ered additional sequences. Indeed, in 100 of these 118
RCs, all additional sequences display more than two TM
segments.

Seed Linkage has merged sequences from 25 MCs to pro-
duce 15 of the 263 disambiguated RCs. This is unlikely to
be explained by mixing of unrelated proteins since all
alignments are required to surpass a 10-'? Ewvalue cutoff,
From these 15 RCs, 12 result from the merging of all ele-
ments of the involved MCs. As an example, the neighbor
joining (N]) tree for the sequences present in RC1219 is
shown in Figure 9a, wherein three MCs plus two addi-
tional sequences have been grouped. Moreover, the three
remaining merged clusters represent exclusive cases also
illustrated in Figure 9: RC254 has mixed all sequences
from MC117 (size 9) together with one sequence from
MC118 (size 2), the other sequence from MCI118 has not
built a cluster when used as Seed (represented on Figure
9b as a dashed branch). Note that, when used as Seed,
sequence gi7293823 (MC118) was able to gather 5 out of
7 sequences from MC118 (labeled with asterisks in Figure
9b), what is the likely reason for all sequences being
merged in RC254. In Figure 9c it is shown the merging of
all sequences from MC248, divided in two main
branches, with one sequence (gi7297676) from MC249
(size 3), closely placed between them. The two remaining
sequences from MC249 have built a duplet with each
other (represented as the dashed branch) and none of
them included gi7297676 when they used as Seed. The
last case of partial merging of clusters occurred for RC12
that merged all sequences from MC4 with four out of five
sequences from MC2, while the remaining sequence from
MC2, that was not included in RC12, has built the RC11
by recruiting two additional sequences. All these examples
illustrate the consistence of clusters generated by Single
Linkage that merge proteins judged as distantly related by
manual curation.

Comparisen to MultiParanoid approach

We compared our approach to another method, MultiPar-
anoid, that has been shown to be very efficient in defining
inparalog and ortholog dusters among muliiple pro-
teomes [4]. The result of the comparison of Seed Linkage
versus MultiParanoid using the manually curated clusters
as reference is shown in Table 1. While MultiParanocid
produces a slightly reduced number of dusters (214] as
compared to the manual curation (221), Seed Linkage
produced 263 RC. This might indicate that Seed Linkage
is more stringent for propagating information between
clustered sequences since Seed Linkage vielded a larger
number of clusters (59 clusters are a subset of the manual
ones and 15 MC are split into distinct RC). Furthermore,
Seed Linkage has rebuilt clusters with a larger number of

hitp:feaw biomedcentral com/M471-2105/9/141

seed sequences, since the number of singlets is rather
small (only 38 against 179) as compared to MultiPara-
noid. Addition of sequences not included in curation was
not restricted to Seed Linkage given that MultiParanoid
presented a compatible number. As mentioned above,
153 of them provide evidence of being appropriately gath-
ered as judged by the criteria used during curation - detec-
tion of over two TM domains. Agreement with manual
curation seems weak at first glance, since only 13 RC are a
perfect match as compared to 132 MultiParanoid clusters;
however, in 100 RC all additional sequences display over
two Th domains, thus 113 RC compare better with these
132 MultiParancid clusters.

As mentioned above, 15 Seed Linkage RC merge MC, but
this is not restricted to our procedure, since in nine events
a MultiParanoid is split in two or more Manual [4].

Usage with partial proteomes

We selected from the 263 RC generated by Seed Linkage
those clusters containing four or more sequences from
organisms which we would artificially deplete 1o simulate
an unfinished genome. For worm (Cel), fly [Dme) and
human (Hsa), the respective set of 21, 15 and 88 clusters
contained 115, 83 and 524 sequences. For each test, we
randomly deleted 0 - 3 sequences from each of the 21
(Cel test), 15 {Dme test), or 88 (Hsa test) clusters, in turn,
then dissolved the clusters. We then attempted to rebuild
them using only the sequences of the remaining two
organisms as Seeds (any remaining sequences from the
test organism were present but not used as Seeds). The
results are shown in Figure 10. With zero deletions from
the test organism (X axis value at 100%), about 80% of
the sequences were clustered by the Seeds from the other
two organisms. This indicates that the clustering of the
remaining 20% sequences from the test organism
depends, at least in part, on paralogs from that test organ-
ism. Deletion of 1, 2, or 3 sequences per cluster yielded a
linear recovery rate. For example, for fly, when three
sequences per cluster were removed (retaining 34% of
sequences in the recruitable set), 30% of all fly sequences
(939% of the recruitable set) were clustered (triangles). The
average clustering for each depletion test was 82% (that is,
82% of the clusterable sequences did indeed cluster) indi-
cating that Seed Linkage can be applied to unfinished pro-
teomes as well.

Usage with a single iteration

Besides being used up to convergence, Seed Linkage can
be used in single-run mode (r parameter = 0). A compari-
son of performance is shown in Table 2, together with an
execution that limited the gathering of only one Recipro-
cal Best Hit (RBH) per Seed per organism (one inparalog
in the Seed organism and one ortholog in Other Species).
Clustering with the default usage produced clusters of
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Meighbor joining trees of merged clusters. (a) Rebuilt Cluster RC1219 merges completely the three manually curated
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isks). (e} RC 1171 merges all sequences from MC248 with one sequence from MC 249. Itis alse represented the cluster
RC1176, rebuilt by the remaining two sequences from MC249 (dashed branches). (d) RCI 2 gathers sequences from MC2 and
MC4 have been merged. However, the remaining sequence from MC 2 (gi7296517) has formed the RCI | together with twe

additional sequences (not associated to the MC brackets).

mean size similar to the manual ones, while RBH grouped
1449 sequences in 402 clusters. The recall rate (sensitiv-
itv) that represents the amount of manual sequences that
were clustered (not singlets) was comparatively high
(9724) for both single iteration and convergence. Deter-
mination of Sensitivity with the raw results favors REH
execution; however, if one considers the recruited addi-
tional sequences that bear two or more trans-membrane
domains (TM] as valid gathering events, then the Specifi-
city* favors both single iteration and convergence. Thus,
the advantage of using the convergence method seems to
be increasing the linkage between clusters, resulting in a
closer approximation of their number and mean size to
the manual set.

Discussion

Seed Linkage was developed as an application to enrich
the knowledge of similar proteins in species other than
the Seed Organism. The present large size of proteome

databases such as UniProt [12] suggests that a BLAST

search involving all sequences against themselves would
require an excessive amount of processing. Seed Linkage
simplifies the search, focusing on the subjects of the Seed.

Similar to the approach used by Inparancid, particular
importance is given to the score between Seed and the best
scoring Seed subject that establishes with Seed a Bidirec-
tional Best Hit (BBH) relationship. Using a manually-
curated dataset of trans-membrane proteins from worm,
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Table |: Comparison of $eed Linkage versus MultiParanoid using manually curated clusters as a reference.

Seed Linkage MultiParanoid

Mumber of RCs 163 214
Additional sequences 275 (1539 224
Singlets (non clustered manual sequences) 38 179
RC = MC (perfect match) 13 132
RC = MC + additional sequences 118 (100%) 8
RC = MC - some manual sequencest 59 I7
MC is split in two or more RCY 15 9

Two or more MC are merged in RCP |15 9

iadditional sequences display tvo or mare TM segments; bincluding or not additional sequences, MC: manually curated clusers, RC: rebuile

cluseers.

fly and man, we found that 37% of all gathering events
(Figure 6a) were initiated by finding a BBH subject
(BBHsj) in a species different from the Seed Organism.
When this happens, the inparalog retrieval score limit is
made equal to the score obtained by the alignment of
Seed and BBHsj, both within the Seed Organism and in
the Candidate Species as well (Figure 1). Most of the
grouped sequences when a BBHsj is attained corre-
sponded to the ones listed in the manually curated data-
base used as reference. However, it is possible that
additional sequences are actually correct recruitments
(Figure 8 and Table 1).
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Figure 10

Simulation of a novel and unfinished genome. Szed
Linkage rebuilt clusters containing four or more proteins
from the indicated (test) organism were selected and 0 - 3
paralogs were artificially removed. Sequences of the other
wo complementary organisms were used as Seed and the
percentage of recovery of the sequences from the indicated
organism in clusters is shown. Complete recovery of para-
logs would be represented by a diagonal line frem zere up to
100% in both axes.

Seed linkage then continues the search for related proteins
by two means, aiming to group inparalogs both in Seed
Organism, using Seed as bait, and in Candidate Species,
using the BBH relationship established by a recruited
inparalog in the Seed Organism. We tested the perform-
ance of Seed Linkage and found better results when the
iterative searches of sequences in Candidate Species that
are initiated by a recruited inparalog is limited by the ini-
tial score between Seed and its BEHsj (data not shown),
which makes the procedure more robust since one
intended use of Seed Linkage is to identify circumstances
that warrant propagation of information associated with
Seed.

Inparalogs from the Seed Organism often are able to
simultanecusly recruit additional inparalogs in the Seed
Organism, by establishing an additional BBH relationship
with a Candidate Species. For example, from all gathering
events in a cluster initiated by a Seed-BBHsj match, 11%
do not involve the Seed itself.

Special attention was given to cases when a BBHsj was not
found, to establish an inparalog retrieval score limit. For the
studied curated database, such events occurred often
(58%, Figure 5a, adding the last two bars). Two possible
limits were investigated: a raw score and a relative score.

The relative score was chosen to reflect a proportion of the

score that the Seed shows when aligned to iself, thus
incorporating the information of its size. Analysis of the
distribution of the scores during the event of recruitment
allowed us to find an empirical value for the inparalog
retricval score limit, so we could attain results that are sim-
ilar to the processes initiated in the presence of a BEH rela-
tionship between Seed and BBHsj. The greatest
performance was vielded by setting the value to 0.3 (Fig-
ure 5b), which reduced the recruitment of additional
sequences to an acceptable rate. In our implementation,
we provide support for users who wish to apply more
stringent limits based on inspection of Figure 5. In the
absence of a BBHsj, the inparalog retrizval score limit of 0.3
might benefit of an adjustment a posteriori to adapt 1o each
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Table 2: Comparison of $eed Linkage usage under different
iterations.

Manual RBH Oneiteration Convergence
Sequences 1363|449 1605 1638
Clusters 221 402 302 263
Mean cluster size &2 16 53 6.2
Singlets 0 158 44 38
Originals in clusters 1383 1205 1319 1325
Sensitivigr® 100% 88X 7% 9T
Additionals 0 a7 242 275
Additionals < 2 TM Q [] 28 36
Specificity® l00%  93% 8422 83%
Specificigy®c 100% 8% 96% 945

Sensitivity = Originals in clusters/ Toral of Manual Sequences;
bepecificity = True Positives/Total of Sequences; Specificiny® was
determined considering sequences with 2 or more TM domains as
True Positives.

protein family. Further studies in this respect are envis-
aged.

Many databases group similar proteins and propagate the
information amongst the members. Two examples of such
databases are GOA [Gene Ontology Annotation, by EBI
[13]) and KOG (the eukaryotic version of COG, by NCBI
[5]). If we consider a database as a table composed of a
column for each organism and a row for each protein, it
might be noticed that COA prioritizes the enlargement of
the columns, which will contain very different number of
gene entries per organism. Conversely, databases such as
KOG strictly target the completion of the rows, listing all
genes with similar function in the constituting organisms.
Several approaches tend to focus more on these rows (pro-
teins) than to enlarge the columns (organisms), although
they might actually work on between those goals, such as
Inparanoid/Multiparancid, OrthoMCL [ 14], Kegg Orthol-
ogy [15], and EGO [16], amongst others. Seed Linkage
joins these efforts with a declared option for grouping
cognate proteins from multiple organisms beginning with
only one sequence, through connectivity saturation with
that Seed sequence. As an example, using a protein from a
dicot plant as Seed, it might be able to gather similar pro-
teins in monocot plants, which in turn can act as a better
reference sequence for similarity searches in the monocot
Species. Moreover, Seed Linkage adds two relevant func-
tionalities: (i} it does not require the Candidate Species to
have completed genome and (ii) it saves computing time
since it does not require alignment of all sequences 1o
each other.

Certainly the recruitment yielded by Seed Linkage is ame-
nable to additional approaches to validate the clustering
such as literature support [17], mapping of conserved
domains [18], alignment of secondary structure, etc.

hitp:fwww bicmedcentral.com/M471-2105/%/ 141

Indeed, a comparative analysis of Seed Linkage and Mul-
tiparanoid did not yield the same results (Table 1),
although a similar number of clusters and performance
were obtained. However, Seed Linkage recruits, with an
acceptable level of confidence, a significant number of
candidates, maximizing the search on all available pro-
teomes while minimizing computing time. The software
is made available for the research community, and a web
service dedicated to Seed Linkage is currently under con-
struction. Seed Linkage is also currently being used to con-
struct a Database for Protein Defense Mechanisms in
plants.

Conclusion

The Seed Linkage software was produced with the aim of
clustering cognate proteins from multiple organisms
beginning with a single sequence through connectivity
saturation with that Seed sequence. The method resulis
were comparable to conventional clustering approaches.
Cenerating clusters based only on a protein of interest is
less time consuming than generating clusters for whole
proteomes, and can be applied to establish members from
unfinished proteomes as well.
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5.3 DESENVOLVIMENTO DA BIBLIOTECA SRS.PHP, UM RECURSO BASEADO EM
SIMPLE OBJECT ACCESS PROTOCOL (SOAP) PARA AQUISICAO DE DADOS

ORIUNDOS DE BASES DE DADOS INTEGRADAS.

Nesta sessdo descrevemos o desenvolvimento da biblioteca SRS.php, um conjunto de
funcbes especificas para comunicagdo via SOAP com o SRS (Sequence Retrieval System)
instalado no EMBL (European Molecular Biology Laboratory) em Heidelberg — Alemanha.

A biblioteca SRS.php foi criada com o intuito de se obter dinamicamente os diversos
dados depositados nas bases biolégicas que compéem o SRS do EMBL. Essa aquisicao de dados
¢ feita usando a tecnologia de Web Services que, conforme anteriormente descrita, permite a troca
de informagdes em um ambiente descentralizado, independentemente do sistema usado pelos
computadores presentes na network.

Exploramos a classe PHP chamada nuSOAP para desenvolver a biblioteca SRS.php que
possui 4 fungdes especificas para explorar a maioria dos recursos do SRS, entre eles a facilidade
de conectar registros entre qualquer base que compde o sistema.

Para se comunicar com o SRS, a biblioteca acessa o arquivo de descricdo dos web
services (WSDL) deste sistema disponivel em http://srs.embl.de/axis/services/SrsWrapper?wsdl.
Inicialmente foram implementados 4 métodos, que permitem acessos a mais de 90 bases de
dados diferentes. Os métodos permitem:

1. Listar o nimero de registros em qualquer base de dados que apresentam o termo
usado como “query” no campo indicado;

2. Retornar o conteddo de um registro especifico das bases de acordo com as
informacdes fornecidas pelo “loader” invocado.

3. Acessar campos especificos dos registros de qualquer base de dados.

1. Conectar registros entre quaisquer pares de bases de dados potencialmente

conectaveis

A finalidade pratica desses métodos na nossa linha de pesquisa é coletar informacoes
especificas oriundas do SRS-EMBL sobre as proteinas identificadas na literatura como
relacionadas aos mecanismos de defesa em plantas pelo sistema de “text mining” e de
agrupamento de sequiéncias previamente apresentados.

Os métodos sédo implementados como fungdes em PHP agrupados na biblioteca SRS.php; tal
biblioteca pode ser adquirida gratuitamente no site http://www.biodados.icb.ufmg.br/srs_php. Este
trabalho foi publicado na revista Genetics and Molecular Research com o titulo: “Development of
SRS.php, a Simple Object Access Protocol-based library for data acquisition from
integrated biological databases” (Barbosa-Silva et al., 2007).
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ABSTRACT. Data integration has become an important task for biological
database providers. The current model for data exchange among different
sources simplifies the manner that distinet mformation 1s accessed by
users. The evolution of data representation from HTML to XML enabled
programs, instead of humans, to interact with biological databases.
We present here SRS php, a PHP library that can interact with the data
integration Sequence Retrieval System (SRS). The library has been written
using SOAP definitions, and permits the programmatic communication
through webservices with the SRS. The interactions are possible by
invoking the methods described in WSDL by exchanging XML messages.
The current functions available in the library have been built to access
specific data stored in any of the 90 different databases (such as UNIPROT,
KEGG and GO) using the same query syntax format. The inclusion of the
described functions in the source of scripts written in PHP enables them
as webservice clients to the SRS server. The functions permit one to query
the whole content of any SRS database, to list specific records in these
databases, to get specific fields from the records, and to link any record
among any pair of linked databases. The case study presented exemplifies
the library usage to retrieve information regarding registries of a Plant
Defense Mechanisms database. The Plant Defense Mechanisms database
1s currently being developed, and the proposal of SRS php library usage 1s
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release their stored data for users (e-Utilities; Mivazaki et al., 2004; NCICB). One of these resources
1s the EMBL-SRS Universe (http:/srs.embl.de) (Zdobnov et al., 2002). It is possible to query and
navigate through several databases available in the server by using the Sequence Retrieval System
(SRS) of this machine. Additionally, the users can exploit the link between the databases to precisely
extract the information from multiple sources. The aim of the present study was to describe SRS php,
a computational resource designed to integrate dynamic scripts written in Hypertext Preprocessor
(PHP) to the SRS available by the EMBL-Heidelberg server. This is done by using SOAP-based
webservice requests that communicate directly with the system by changing messages based in
XML. This resource is released as an open source library: a set of functions that can be embedded in
the source code of scripts written to perform specific tasks. The utility of the library is illustrated by
the usage of SRS.php in the acquisition of specific information from multiple sources for sequences
deposited in a bioDB developed by us, the Plant Defense Mechanisms Database.

MATERIAL AND METHODS
Features of target Sequence Retrieval System

The aim of the library proposed in this study was to interact with the SRS made
available by the EMBL-Heidelberg; the server is composed of approximately 90 different
biological databases (http://srs.embl.de/srs/databanklist.do). The databases have a description
webpage where precise information about the features of each of them can be accessed. The
mformation contains the database description, the field list for each record. the database
loaders, and the target databases that the selected database links in the same system.

Record features

The records deposited in a database under an SRS have a peculiar syntax that deserves
comment before the explanation of how it is accessed through SOAP. Each item is deposited
as a table in which the rows are the attributes of such record. The fields are abbreviated by
a short name that facilitates the database querving. An example of a typical record of the
database UNIPROT (Apweiler et al., 2004) is illustrated briefly in Table 1.

Table 1. Brief representation of the UNIPROT database installed in a Sequence Retrieval System.

Database name

UNIPROT

Field name Short name Content

Identifier id QI9XET3 SOLLC

Prim. Accession pac QIXET3

Description des Disease resistance protein 12

Organism org Solanum lveopersicum (Tomato) (Lycopersicon esculentuin)
NCBI Taxonomy ID txi 4081

Query syntax

One who wants to get the information of a record deposited in UNIPROT database
from an SRS running on a Linux platform, for example, should do it from the command
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line using the program getz (see SRS documentation available at http://srs.embl.de/srs/
doc/srsbooks/srs_user guide/21 1.html). This program receives several parameters, but
in order to describe the usage of our library, we will focus on just some of them.

Listing records from some database

To display all the records deposited for the organism exemplified in Table 1, one
should submit the getz query in Formula 1, this would retrieve all the records belonging to the
organism identified by the NCBI Taxonomy id (tx1) 4081 in the UNIPROT database.

[srs server]$ getz “[UNIPROT-txi:4801]" (Formula 1)
Displaying records from some database

In case the user wants to display a specific record from some database, it is necessary
to use some optional flags in the getz program. The following command uses the flag *-¢’
in order to invoke the loader CompleteEntry which accesses and displays the whole record
dentified by the accession number Q9XETS3.

[srs_server]$ getz “[UNIPROT-acc:QI9XET3]” —e (Formula 2)
Access specific fields

Another command flag of the getz program allows users to retrieve from the command
line the specific fields of some record. In Formula 3, the operator “-vf” is used for this purpose.
In the example, the Medline database is queried and the field ‘authors’ (aut) is chosen to be
displayed for the article identified by the Medline ID (id) 8208723.

[srs_server]$ getz “[medline-id:8208723]” —vf aut (Formula 3)
Exploring the link universe

The SRS feature used to link the records among the distinct databases can be explored
using the getz program as well. For this, the operator “>" is used in Formula 4; with the
illustrated command, the article from the Medline database identified by the ID 15371431 is
linked to its corresponding record in the UNIPROT database.

[srs_server]$ getz “[medline-id: 1537143 1]>UNIPROT” (Formula 4)
Implementation of SRS.php library

The SRS.php library was written in PHP 5 and has been tested in a system running the same
or superior version. However, the command line mterface has been implemented in PHP since
version 4.3.0, for this reason it is expected that the library should also work with versions as old as
this. In some machines, it is possible that some warnings or error messages could be displayed on
the screen; to avoid this, users must set the error reporting variable in the php.ini configuration file
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for “E ALL & ~E NOTICE |E STRICT” for instance. Another feature that can affect the library
performance is the resource limits of the PHP installed in the machine; in order to avoid problems
m regard to this issue, the variables related to these limits should be set to compatible values.

The library is expected to enable scripts that include it on the code to act as SOAP
clients to the EMBL-SRS server. That is why it uses the SOAP features available through the
class nuSOAP, which can be freely downloaded tfrom the developers” webpage (nuSOAP).

RESULTS AND DISCUSSION
Description of the library

The initial core of request methods present in the SRS php library consists of 4 functions
that allow the data integration between the SRS database engine and PHP dynamic scripts. These
functions interact with SRS based on information found on its WSDL description file. This file
1s accessed using the soapclient nuSOAP function, which receives the WSDL file location as
parameter (http://srs8.embl de:8989/axis/services/SrsWrapper?wsdl); this is the common feature
present in all functions which are described below.

Acquisition of number of results for queries

To access the number of results for one request for any of the SRS databases, we created
the function performlcarusQuervAndGetNumberOfResults (Figure 1). This function receives as
parameter one string corresponding to the getz query in Formula 1, and returns a one-dimensional
array with the number of records that matched the request in SRS (Figure 5A, 1). As an example,
one can obtain the present number of entries in Uniprot for a given organism.

function performlcarusQueryAndGetNumberOfResults(§ query){

Jt Use the server URL
global Sserver;

/ Create instance 1o server
$client = new soapelient;Sserver);

/ Fill the parameters for the service
$param=array(" query"=>bquery);

/t Submit the query to the web-service
$results = $client = call;" performlcarusQuery AndGetNumberOfResults", § param);

retnm( $results);
HEXAMPLE

#hnum=performlzars ueryAndGetNumberOfR esults(" [UNTPRO T-1xi:3702]");
#echo $num[0];

Figure 1. Function performIcarnsQueryAndGetNumberOfResults.

Accessing records using loaders

The second function, performQueryAndGetLoaderDefinedFields, was created to allow the
access to the full records deposited in the SRS databases, either directly or using the Link Universe
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facility as well. As parameter, one must supply the getz query (like in Formula 2) and the name of
the loader, a tool to extract specific information from each SRS entry, to be used (Figure 2). The
function returns a one-dimensional array with the content of the loader result (1.e., defined attributes
for one SRS entry) as output (Figure 5A, 2). For instance, it is possible from a UNIPROT accession
number to retrieve the complete entry of a record using the loader CompleteEntry.

function performGQueryAndGetLoaderDefinedFialds (Squery Sloader){

/f Use the server URL
global $server;

/f Create instance to server
Fclient=new scapclient{Fserver):

HFill the parameters for the service
Sparam=array{"querny'=>%query,
"loader'=>%loader,

I

/f Submit the query to the web-service
$results = Fclient - call{"performQueryAndGetlLoaderDefinedFields” Sparam);

/f Result from the function
retum ($resuilts);

H#EXAMPLE
#$result=parformQuenyAndGetLoaderDefinedFislds ({UNIPROT-acc: Q8 XET3]" "CompletsEntiy");
#echo Sresult|0];

Figure 2. Function performQueryAndGetLoaderDefinedFields.

Accessing specific fields in the records

The content of specific attributes for one SRS record can be accessed using the third function,
performQueryAndGetSpecificFields (Figure 3). This function needs four parameters: 1) the target
database to be queried, ii) the target field, iii) the query term, and iv) the fields to be displaved from
the accessed record. The function returns the specific fields that matched the term (Figure SA, 3).
The operation performed by this function is equivalent to the getz query of Formula 3.

function performQueryAndGetSpecificFields ($queryTargetDb, $queryTargetField $queryTerm, $fields){

# Use the server URL
global $server;

# Create instance to server
Sclient=new soapclient{$server);

# Fill the parameters for the service
Sparam=array("queryTargetDb"=>SqueryTargetDb,
"queryTargetFisld'=>$queryTargetFiald,
"queryTerm"=>$queryTerm,
"figlds"=>%fields

}

#f Submit the query to the web-service
$results = $client - call("performQueryAnd GetSpecificFields" Sparam);

/ Removes the inicial field of the getz query
Sresults[0]=preg_replace(*/\s+™,"#" $results[0]};
Sresults=explode{"#" Srasults[0]):
array_shift{$results);

Sfield=implode(" " $results);

i Resdit from the function
return{$field);

#EXAMPLE
#8field=peformQueryAndGetSpecificFields"medine","id", "82087 23", "aut");
#echo Sfield;

Figure 3. Function performQueryAndGetSpecificFields.
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Exploring the Sequence Retrieval System link universe

This special characteristic of the SRS was included in the library by the fourth function,
performLinkingQuery (Figure 4). This function, like the query in Formula 4, receives as
parameters the database in which the query term is deposited, the parameter (field) to which
the query refers, the query term and the database to which the query should be linked. The
function above returns the record IDs in the linked database related to the term provided by the
function (Figure SA, 4). For example, all the INTERPRO domain signatures of a UNIPROT
sequence could be retrieved by using this function, through the SRS Link Universe resource.

function performLinkingQuery($queryTargetDb,$queryTargetField $queryTerm, Slinking TargetDb){

1 Use the server URL
global $server;

I/ Create instance to server
$client=new soapclient{$server),

i Fill the parameters for the service
$param=array{"query TargetDb"=>$queryTargetDb,
"queryTargetField"=>$queryTargetField,
"queryTerm”=>$queryTerm,
"linking TargetDb"=>8linkingTargetDb
B

// Bubmit the guery to the web-service
$results = $elient -> call("pedormLinkingQuery” $param);

/f Result from the function
return(Sresults);

#EXAMPLE
#Hlink=performLinkingQuery{"'medline" "id"."15371431" "UNIPROT");
#for($i=0,%i <sizeof (Hlink} ;$i++} print "Hink[$i]. <BR>";

Figure 4. Function performLinkingQuery.

Figure SA summarizes the functions present in the SRS.php library. A case study using
the functions mentioned above is reported in the next session.

Case study: data warehousing for Plant Defense Mechanisms database

One of us (A.B.-S)) is developing a database which collects proteins that are
mvolved in Plant Defense Mechanisms (PDM). Currently, the database contains sequences
from UNIPROT database (seed sequences), and collected similarity-related sequences
(putative orthologs) to the seed sequences through a Seed Linkage clustering approach
(Barbosa-Silva A, Satagopam VP, Schneider R and Ortega JM, unpublished results) based
on bidirectional best-hit strategy.

To improve the annotation of the data deposited in the PDM database, we have
mtegrated the information from diverse set of databases.

Using the SRS.php library, we first queried for each plant represented in the PDM
database, about its total number of entries deposited in the following databases: UNIPROT,
RefSeq, UniRef (100, 90 and 50), and PIR (Figure 5B).

Inasecond step, we used the SRS.php library to access the annotations in the UNIPROT,
GO, PFamA, INTERPRO, and Prosite databases, which can be related to the PDM sequences
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using their UNIPROT ID as query (Figure 5C). Interested users can download the script used
for these tasks, retrieve srs.php, from the supplementary material (http://www .biodados.icb.
ufmg.br/seed linkage).

The usage ot SRS.php functions in the annotation of PDM database sequences was
a very straightforward approach, since the acquisition of further information on demand for
the PDM sequences was very fast, compared to manual annotation, considering the existence
of only the UNIPROT ID as starting point. Hitherto. we have added several forms of useful
mformation that increased undoubtedly the content and quality of the PDM entries.

A c
—— CLUSTER OF BEH-SELECTED SEQUENCES FOR THE SAME R PROTEIN
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Figure 5. A. Using the library SRS.php. the user can (1) count the number of matches (small black squares) in one
Sequence Retrieval System (SRS) database (DB1). (2) retrieve specific records (black square). and (3) retrieve specific
atiributes of each deposited record (different lines). Additionally (4). the user can link the record (small black square) to the
universe of SRS databases. B. Number of records deposited for Arabidopsis thaliana in different databases. C. Retrieved
annotations for gene 12 (UNIPROT accession: Q9XET3) of Lycepersicon esculenfum in Plant Defense Mechanisms
(PDM) from different databases (UNIPROT. GO. PFam-A. INTERPRO): the screenshots represent examples of the SRS.
php information retrieval for PDM records.

CONCLUSIONS

Integration of biological databases is a current 1ssue addressed by several data providers
in life sciences (Stein, 2002). Currently, webservices is the default technology chosen for data
mtegration not only in biology, but also for other internet resources when the information is
not centered on just one source. A unified language that permits biological information to be
shared in this scenario is XML (Achard et al., 2001). Hitherto, an increasing number of open
source applications have been developed to explore the facilities of webservices. We provide
SRS.php as an open source library that gives support for the development of new dynamic
scripts that can act as true data retrievers through a programmatic access to several bioDBs
under the SRS hosted by EMBL. In a study case, information integration provided automated
maintenance of Protein Defense Mechanism Database with information contained in several
bioDBs such as UNIPROT, INTERPRO, PFam, etc. In the future, following the development
of new services provided by SOAP interface of SRS, plus the feedback received from users,
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we aim to improve the content and functionalities of SRS.php library.
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5.4 ESTRATEGIAS PARA O DESENVOLVIMENTO DA PLANT DEFENSE MECHANISMS

DATABASE

Para concluir o conteddo apresentado na tese, descrevemos a utilizagdo das estratégias
implementadas nas sessbes anteriores para o desenvolvimento da Plant Defese Mechanisms
Database.

O programa LAITOR foi aplicado a um conjunto de 7.306 abstracts recuperados na base
de dados PubMed utilizando a query: “(resistan* OR toleran*) AND ((high light OR high-light)
disease OR cold OR pathogen®* OR drought OR salinity OR "oxidative stress™ OR (high
temperature OR high-temperature)) AND plant”, os termos de proteinas que apresentaram co-
ocorréncia proteinas nesta analise foram associados a identificadores do UniProtKB e tiveram
suas seqliéncias recuperadas.

1.390 das sequiéncias recuperadas acima foram utilizadas como seed num processo de
agrupamento utilizando para isso o programa Seed Linkage, previamente descrito. Apds o
agrupamento, um total de 15.669 foram agrupadas em 611 clusters desambiglios. Cada uma das
seqlUéncias presentes nestes clusters tiveram seus arquivos XML diretamente baixados do
UniProtKB usando a tecnologia de SOAP-based web services implementados na biblioteca
SRS.php também descrita nas sessdes anteriores.

Um website contendo as informacdées da PDM foi construido no dominio
http://www.biodados.icb.ufmg.br/pdm. Nesse site, € possivel visualizar as informagdes dos clusters
PDM, bem como de cada umas das seqiiéncias componentes, além de uma arvore filogenética
designada para cada agrupamento.

Finalmente, um servidor SOAP foi desenvolvido para a base de dados PDM, inicialmente,
0 método query_pdm permite que, a partir de um identificador UniProtKB de uma seqiéncia
depositada na base, as mesmas informagbes acessadas na interface web sejam distribuidas via
SOAP, tornando, desta maneira, a base de dados PDM um Web Service com acesso
programético. A descricdo do Web Service esta documentada em seu WSDL disponivel em
http://www.biodados.icb.ufmg.br/pdm/soap/.

Escrevemos um manuscrito do tipo Application Notes da categoria Database and
ontologies que foi submetido para publicagdo na revista Bioinformatics com o titulo: “Protein

Defense Mechanisms Database”, o qual é apresentado em seguida.
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ABSTRACT

Summary: Plant Defense Mechanisms (PDM) Database stores
clusters of protein sequences involved in defense responses in
plants. This new resource allows human as well as programmatic
access to its contents using both, HTML or SOAP protocol,
respectively. We present here PDM building strategies and its
features.

Availability: http//biodados.icb.ufmg.br/PDM

Contact: miguel@icb.ufmg.br

Supplementary Material: http://biodados.ich.ufmg.br/PDM

1 INTRODUCTION

Resistance proteins are important economical traits found in plant
and explored in an economic basis (Jones, 2001). Hitherto restrict
databases directed (o plant defense mechanisms (PDM) provide a
SOAP-based web service interface for acquisition of information
for defense protein sequences (Schoof et al., 2004). Moreover, it is
noteworthy that several research groups would benefit of either
local or web served databases on specific issues. The building of
PDM is based on a pipeline of software developed by our group
that consorts to an automated building of the resource. Here we
describe the building and distribution of Plant Defense Mechanism
Database and the process of its creation using underlined software.

2 TEXT MINING

In order to identify new proteins mentioned in the literature as
related to defense mechanisms in plants, we have used the program
LAITOR (Barbosa-Silva et al., in preparation) to find associations
over the retrieved abstracts. Initially a Boolean search was
performed in the PubMed website
(http://www.ncbi.nlm.nih.gov/pubmed/) where the matching
abstracts were retrieved in the XML format. The query used was:
“r After, the retrieved abstracts were loaded in the NLPROT
program (Mika and Rost, 2004) in order to tag the protein names
for further analysis with the program LAITOR. After analysis,
those proteins terms identified in the abstracts together with
another protein or stimuli term were associated to UniProtKB
unique identifiers and loaded in the clustering program Seed
Linkage (Barbosa-Silva et al., 2008) as seeds (see below). The co-
occurring pairs along with their citations in the abstracts were
stored and are displayed as web-pages in the Text Mining session
of the PDM website. Clusters of sequences are available for

"To whom correspondence should be addressed.

download or can be searched within PDM website by means of
BLAST searches.

3 SEQUENCE CLUSTERING

All protein names identified in the above step were linked to a
unique identifier of the UniProtKB when possible. This enabled us
to use these sequences as seeds of the Seed Linkage program
(Barbosa-Silva et al., 2008), using all proteins from the
Viridiplantae division as database. Since different proteins
included as seeds are expected to create redundant clusters, we
disambiguated each individual cluster using Seed Linkage internal
rules for disambiguation. Additionally, for the created clusters, we
generated a Neighbor Joining-based phylogenetic tree by using the
programs available in the package Phylip
(http:/fevolution.genetics.washington.edu/phylip.html)  which is
also available for visualization in the PDM website

4 DATA ACQUISITION

It has been performed a round of SOAP-based data acquisition for
each sequence present in the clusters mentioned above by using the
SRS.php library (Barbosa-Silva et al., 2007) connected to the Web
Services available by EBI described by its WSDL file at
http://www ebi.ac.uk/Tools/webservices/wsdl/'WSDbfetch. wsdl.
The fetchBatch method has been used to retrieve the XML records
for each entry present in the PDM clusters.

5 DATABASE CONTENT

Currently PDM database is composed by a total of 780 protein
terms, identified in the text mining step from the analysis of a total
of 7,306 abstracts retrieved by the above mentioned query. From
these terms it was possible to retrieve 1,390 UniprotKB unique
identifiers which were used to clusters a set of 15,609 sequences
grouped into 611 disambiguated clusters.

Each sequence from in the PDM database is presented in a website
(Figure 1) as follows:

(1) Selected sequence: displays the sequence together with the
associated PDM cluster.

(2) Sequence details: displays the information retrieved from the
UniprotKB database using the SOAP protocol. Here it is informed
the Protein and Gene names for such sequence: the organism
source of the sequence; the comments about the record, such as:
functions, subunits, subcellular location, domains and similarities,
directly retrieved from its acquired XML record. Finally, for each

® Oxford University Press 2005
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Fig. 1. PDM Database. (A) Database search: users can either perform a
term search by using protein terms, organism names or UniProtKB unique
identifiers; as well as a BLAST alignment to PDM sequences. (B) PDM
database record RPMI_ARATH. In this page are found the Sequence
Details, the Text-mining Features, the other cluster members and the
phylogenetic tree of the sequence’s cluster (not shown). (C) Co-occurrence
session. For each term/synonym of the referred sequence, it is shown the
co-occurring pair RPMI-RIN4 together with biointeraction terms: by
clicking on each of these terms, (D) it is displayed a web-page with the
abstract highlighted at the phrase where the co-occurrence has been found
(not shown).

sequence, it is shown the text mining feature of it by showing the
number of co-occurrences of each name attributed to the selected
sequence

(3) PDM Cluster Details: displays all the sequences from the
selected cluster together with a phylogenetic tree for the cluster
members.

(4) The database also possesses a search webpage where users can
query the database in several ways, including BLAST search using
PDM as database.

6 DATA DISTRIBUTION

PDM Database is distributed through SOAP-based web services.
We have created a method called query_pdm in which the same
information exhibited in the HTML format at the PDM website is
converted to a simple XML tagged document. This allows that
client softwares implemented using the web services definitions
can interact with the PDM SOAP interface described at
http://biodados.ich.ufmg.be/pdnvpdm_soap_server.php and request
the desired information. We provide a SOAP client written in PHP
using the nuSOAP class (http://dietrich.ganx4.com/nusoap/) as
Supplementary Material. Novel methods will be released at the
PDM SOAP Server website whilst they become available.

7 CONCLUSION

A Plant Defense Mechanism Database was built by using a
literature search followed by extraction of gene names from the
abstracts. Thus, the various aspects of the phenomena of interest
are connected to specific literature. With Seed Linkage software,
the involved proteins were able to recruit a significative number of
other sequences that enrich the database, improving its use as a
source of annotation. Automated updating of information on these
sequences grant the correct propagation of information, which is
conducted by machine automated services. PDM distribution itself
is offered using webservices. In conclusion, a informative
Database linking protein sequences to phenomena and interactions
between proteins was built and PDM building process are
promptly applicable to desired similar databases using the
procedure communicated here.
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3.4 ANOTACAO MANUAL DE GENES DE RESISTENCIA EM EUCALIPTO E VALIDACAO

DA ANOTAGAO EFETUADA PELA PDM.

Para concluir o conteldo apresentado na tese, descrevemos a utilizacdo das
estratégias implementadas nas sessOes anteriores para o desenvolvimento da Plant
Defese Mechanisms Database.

A pesquisa de genes de resisténcia em plantas pode ser acelerada com a
utilizacdo da base de dados PDM. Nela, os genes de resisténcia estdo agrupados
segundo critérios ditados pelo programa Seed Linkage. As entradas sédo escolhidas por
co-ocorréncias na literatura. Portanto, sua formulagdo pode conter lacunas, dado que
genes de resisténcia poderiam ndo ter sido encontrados em co-ocorréncia com a
énfase escolhida para alimentar o programa LAITOR. Nesta sessao compararemos a
composicdo da PDM com uma lista de candidatos a genes de resisténcia em eucalipto
gue foi gerada por anotacdo manual dos contigs desta planta. Evidenciamos que
alguns genes ndo participam da PDM construida tendo como base as consultas
processadas pelo LAITOR e, como esperado, nao foram adicionados quando da
amplificacdo dos agrupamentos pelo Seed Linkage.

A lista de candidatos a gene R de eucalipto foi publicada no trabalho “In silico
survey of resistance (R) genes in Eucalyptus transcriptome” (Barbosa-Silva et al.,
2005) e os detalhes da anotacdo das seqliéncias estdo descritos no trabalho
apresentado a seguir. Como é uma fonte confidvel de anotacdo manual das
seqliéncias, a lista apresenta-se como um bom controle para a capacidade de analise
automatica feita pela PDM. Lembramos que a base PDM, como estd apresentada
atualmente, ndo sofreu nenhuma adigdo de sequéncias por interesse especial.

Inicialmente as seqlUéncias de eucalipto foram utilizadas em buscas de
similaridade com as seqliéncias constituintes da PDM utilizando-se BLASTx e um valor
de cutoff de e-value de 1e-10. E esperado que a PDM realize anotacdo correta quando
a proteina homdloga mais préoxima evolutivamente estiver na base PDM. Caso isso nao
ocorra, dado que genes de resisténcia compartilham similaridades estruturais a ponto
de serem agrupados em classes de resisténcia (Tabela 3), é provavel que a PDM
efetue uma especulacdo de anotacdo. Durante o desenvolvimento deste trabalho de
tese colaboramos com a construgdo de uma ferramenta de anotagdao denominada
“Protein Classification Tool” (PCT) acessada em http://biodados.icb.ufmg.br/pct. Para
evitar problemas de especulacdo pelas bases secundarias, uma pesquisa de
similaridade na base de dados nao redundante do Entrez Protein (nr) foi realizada.

Assim, caso o alinhamento com uma seqiiéncia da base nr apresentasse escore mais
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alto que o que ocorreu com a base secundaria, o usuario era informado. Portanto,
para avaliar a anotacdo feita pela PDM, nds comparamos os melhores alinhamentos
obtidos com a base PDM e com a base nr. Utilizamos também como fonte de todo o
universo protéico a base de dados UniProtKB, todavia como os resultados foram
equivalentes aos obtidos com nr, faremos referéncia somente a esta ultima.

A Figura 8A mostra a diferenca de escore (eixo Y) obtida pela pesquisa de
similaridade com BLASTx feita com todas as seqiéncias de eucalipto. As seqiléncias
de eucalipto foram ordenadas no eixo X de forma a mostrar as diferengas de escore nr
- PDM de forma crescente. Percebe-se claramente que a maioria das seqliéncias
apresenta diferencas de escore entre zero e 150 e que os resultados sao
aparentemente continuos até o escore 150, quando uma populagdo de resultados
comeca a se destacar desta tendéncia. Estudos posteriores devem ser realizados para
avaliar se o limiar de 150 pode expressar a expectativa de tratar-se de uma seqiéncia
que se apresente mais semelhante e esteja exclusivamente ausente da PDM. Por isso
resolvemos analisar outras duas métricas para o mesmo efeito.

A Figura 8B representa experimento similar, todavia a métrica escolhida foi a
razdo entre o escore nr sobre o escore PDM. A ordenagao dos resultados de forma
crescente (eixo X) ndo € a mesma que a obtida para o experimento da Figura 8A (ndo
mostrado), todavia é bastante aproximada. O limiar determinado por essa analise é
igual a dois. Acima desta razdo, é esperado que o alinhamento com a PDM ndo seja
confiavel.

Por fim, a figura 8C apresenta a mesma analise feita com uma terceira métrica,
a diferencga de identidades (coluna 3 do resultado tabular de BLAST) obtidas com nr ou

PDM. Encontramos o valor 15 como um limiar para a anotagao supostamente correta.
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A Figura 8D mostra a distribuicdo de COINCIDENTES (supostamente anotados
tdo bem por PDM quanto por nr) e de ESPECULATIVAS (provavelmente ndao bem
anotados pela PDM por falta das seqliéncias apropriadas na base de dados).
Escolhemos avaliar as seqliéncias selecionadas triplamente como COINCIDENTES ou
ESPECULATIVAS.

Dos 469 alinhamentos de seqliéncias de eucalipto com membros da PDM, 311
foram classificados como positivos (66%), mostrando que os critérios de selecao
definidos pelo LAITOR cobriram uma boa parcela do universo. Devemos lembrar que,
contrabalanceando esta perda, os dados de co-ocorréncia adicionados a PDM pelo
LAITOR adiciona informacgao nao facilmente disponivel pela curadoria manual.

Dentre as sequéncias ESPECULATIVAS, encontramos 29 ocorréncias de
seqliéncias de eucalipto anotadas como PTO, possivelmente pela auséncia de um
cluster contendo a prdpria seqliéncia PTO na base de dados PDM. Todavia, trés
seqlUéncias anotadas como PTO apresentavam igual anotacdo na PDM e em nr. A
analise manual dessas seqliéncias aponta para a semelhanga estrutural de membros
protéicos da familia kinase, que alta similaridade de seqliéncia, e que justificariam a
divergéncia na anotacgdo desses clusters de eucalipto pelas duas bases consideradas.

Por outro lado, 64 sequiéncias de eucalipto sugerem a necessidade de inclusdo
de entradas de gene de resisténcia na PDM. As seqiéncias que denunciam falta de
homodlogos na PDM haviam sido anotadas como similares aos genes HRT, 12, R1, Rp1,
Swb5, Xal, Bs2, Gpa2, Mil, Rx1l, Rx2, Cf5, Cf4 e Cf9. O que chamou atencgao para o
desenvolvimento de novas regras de deteccdo de co-ocorréncia do LAITOR, a serem
implementadas a partir desse experimento. Para isso criaremos um filtro para
validacdo de co-ocorréncias notadamente com nomes de patdgenos além das ja
existentes. Dado que embora determinadas proteinas conferirem resisténcia contra
patdgenos, esta ndo necessariamente co-ocorra na literatura cientifica com um dos
tipos de termos previamente utilizados.

Considerando-se apenas os alinhamentos abaixo dos limiares descritos
(COINCIDENTES), as quais devem portanto possuir homologos significativamente
proximos na PDM, pode-se agrupar as seqliéncias de eucalipto em 16 agrupamentos
como mostrado na Tabela 3. Varios agrupamentos capturam seqliéncias com anotacao
manual similar, como o 548 e o 1326. Similares a estes sdo os agrupamentos 949 e

1149, os quais adicionam os genes P e RPS4.
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Tabela 3: Anotacdo automatica por cluster PDM das seqiiéncias manualmente

designadas como genes de resisténcia em eucalipto.

Cluster Anotacao manual para Gene R Classe de resisténcia
KINASE LRR NBS TIR

472 PTO X
518 PTO X
979 PTO X
1090 PTO X
1088 PTO CF4 CF5 CF9 XA21 X X
980 CF4 CF5 CF9 XA21 X X
982 CF4 CF5 CF9 XA21 X X
1339 CF4 CF5 CF9 XA21 X X
1156 CF4 X
548 L M N RPM1 RPM4 RPM5 X X X
650 2 rp1 mla rpm1 GPA2 HRT pib pita r1 X X X

RPP13 RPP8 RX2 SW5 XA1
949 L M N P RPP1 RPP4 RPP5 RPS4 X X X
1059 RPP5 RPS5 X X X
1149 L M N P RPP1 RPP4 RPP5 RPS4 X X X
1326 L M N RPM1 RPM4 RPM5 X X X
903 HR3 RPP8 X X X

Concluindo, a determinacdo experimental de limiares de confidéncia de
anotacao pela PDM como feita nesta sessao nos leva a dois resultados importantes: (i)
0 usuario pode avaliar, pela comparagdao de performance nr e PDM, se a classificacdo
no agrupamento PDM ¢é aceitavel; (ii) conseguimos identificar casos onde é necessaria
inclusdo de seqliéncias na PDM por uma vertente diferente ou complementar aquela
oferecida pelo LAITOR. Essas novas sequéncias, como por exemplo representantes de
PTO bem documentados na literatura, podem ser incorporadas facilmente com o
programa Seed Linkage e a série de programas que geram a parte grafica da PDM fara

a atualizacao das tabelas.
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Abstract

A major goal of plant genome research is to recognize genes responsible for important traits. Resistance genes are
among the most important gene classes for plant breeding purposes being responsible for the specific immune re-
sponse including pathogen recognition, and activation of plant defence mechanisms. These genes are quite abun-
dant in higher plants, with 210 clusters found in Eucalypius FOREST database presenting significant homology to
known R-genes. All five gene classes of R-genes with their respective conserved domains are present and ex-
pressed in Eucalyptus. Most clusters identified (93) belong to the LRR-NBS-TIR (genes with three domains:
Leucine-rich-repeat, Nucleotide-binding-site and Toll interleucine 1-receptor), followed by the serine-threonine-
kinase class (49 clusters). Some new combinations of domains and motifs of B-genes may be present in Eucalyptus
and could represent novel gene structures. Most alignments occurred with dicots (94.3%), with emphasis on
Arabidopsis thaliana (Brassicaceae) sequences. All best alignments with monocots (5.2%) occurred with rice (Oryza
sativa) sequences and a single cluster aligned with the gymnosperm Pinus sylvestris (0.5%). The results are dis-
cussed and compared with available data from other crops and may bring useful evidences for the understanding of
defense mechanisms in Eucalyptus and other crop species.

Key words: serine-threonine kinase, nucleotide binding site, leucine-rich repeats, gene-for-gene interaction.
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Introduction

Pathogen attack can severely affect crop production,
with losses that can achieve 80% of the production espe-
cially in tropical countries. At the global level, losses have
been estimated to accomplish around 12% of the world
crop production (James et al., 1990). The most important
group of genes that has been used by breeders for discase
control is the plant resistance (R) genes: single determinant
of an effective and specific resistance that can often be
characterized by localized necrosis at attempted infection
sites (Rommens and Kishore, 2000).

It is proposed that pathosystems are usually highly
specific, with a matching R-gene on vegetal cell that recog-
nizes clicitor proteins (called Avr-effector) of each infec-
tive pathogen. Plant will be resistant and the growth of the
pathogen will be arrested only when both genes, R and Avr,
are present (Ellis et al., 2000a). So, for each R-gene a corre-
spondent Avr gene co-exists: this is the basis of the gene-
for-gene concept, suggested by Flor (1956, 1971).

Send correspondence to Ana Maria Benko-lseppon, Universidade
Federal de Pernambuco, Centro de Ciéncias Biol6gicas, Depar-
tamento de Genética, Laboratério de Genética e Biotecnologia

Vegetal, Av. Prof. Moraes Rego s/ n., 50732-970 Recife, PE, Brazil.
E-mail: celisep @ hotlink.com.br.

Avirulence gene products actually described do not
comprise a defined family of related proteins, since no shar-
ing similar motifs or domains could be found. On the oppo-
site, R-gene products are separated into distinet but related
protein classes, according to their conserved structural do-
mains. Conserved domain function identified for R proteins
suggests two fundamental mechanisms during pathogenic
infection: (1) the pathogen recognition, conducted mainly
by leucine-rich repeats (LRR) regions, which play a direct
role in protein-protein specific recognition event; and (1)
signaling of pathogen presence in order to activate defense
related genes (Richter and Ronald, 2000).

Ihe TIR (Toll interleukine l-receptor) and CC
(coiled coil) regions are imvolved in signal transduction
during many cell processes (Martin et al., 2003), while the
NBS (Nucleotide Biding Site) usually signalizes for pro-
grammed cell death in animal cells (van der Biezen and
Jones, 1998). Additionally, a kinase catalytic region is pres-
ent in some R-genes. This domain plays a direct role in both
signaling processes and pathogen effectors. Additionally
the NBS region contams not only the three motifs involved
innucleotide binding but additional motifs as well. This ex-
tended region of homology is refemred to as the NB-ARC
domain (Richter and Ronald, 2000). Sometimes this do-
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main contains a distinct predicted nucleoside triphospha-
tase (NTPase) domain known as NACHT, common in
animal, fungal and bacterial proteins, implicated with
apoptosis induction and transcription activation (Koonin
and Avarind, 2000).

Resistance genes are members of a very large multi-
gene family, are highly polymorphic and have diverse rec-
ognition specificities. They are commonly clustered in the
genome, often in tandem direct repeats, what 1s consistent
with the theory that they originated through gene duplica-
tion and that they are continuously evolving through un-
equal exchange (Song et al., 1997).

Most of the resistance genes that have been cloned
and characterized resemble components involved in signal
transduction. These can be classified into five categories
based on their predicted protein structure (Song et al., 1997,
Ellis and Jones, 1998).

I'he first class is represented by the Pto gene of to-
mato, which encodes a protein with a catalytic serine-
threonine kinase (ser-thre-kinase) and a myristoylation mo-
tif in his amino terminal region (Martin et al., 1993).

The second class comprises many proteins that pres-
ent a region rich in repetitions of leucine (LRR,
Leucine-rich repeats), a Nucleotide Binding Site (NBS)
and a leucine zipper (LZ) or a coiled-coil (CC) sequence.
Many genes encode protems of this class: 12 (Ori et al.,
1997), M7 (Milligan et al., 1998) and Sw3 (Brommons-
chenkel et al., 2000) from tomato; RPMI (Grant et al.,
1995), RPPS (McDowell et al., 1998), RPS2 (Mindrinos et
al., 1994) and RPP13 (Bittner-Eddy et al., 2000) from
Arabidopsis thaliana; Pib(Wang et al., 1999), Pi-ta (Bryan
et al., 2000) and Xa/! (Yoshimura et al., 1998) from Oryza
sativa (rice); Gpa2 (Van der Vossen et al., 2000), Hero
(Ernst et al., 2002), RI (Ballvora et al., 2002), RxIa (Ben-
dahmane et al., 1995) and Rx2 (Bendahmane et af., 2000)
from potato; Rp/ from maize (Collins et al., 1999); Mla
from barley (Halterman et al., 2001) and Dm3 from lettuce
(Meyers et al., 1998).

The third class includes similar proteins as described
for class I, presenting a toll receptor for interleukine-l
(IL-1R) instead of a CC sequence at the amino terminal re-
gion (Meyers et al., 1999). This class is referred as TIR-
NBS-LRR, including the genes L (Lawrence et al., 1995),
and P (Dodds et al., 2001) of flax; RPPI (Botela et al.,
1998), RPP4 (van der Biezen et al., 2002), RPP5 (Parker et
al., 1997) and RPS4 (Gassmann ef al., 1999) of A. thaliana
and N (Whithan et al., 1996) of tobacco. This class (also
present in animals) is supposed to be absent in monocotyle-
donous plants (Ellis and Jones, 1998), being present in all
dicotyledonous taxa actually studied.

The proteins encoded by the three classes of genes
previously cited do not present a transmembrane sequence
and are therefore classified as intracellular R-proteins
(Martin et al., 2003).
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I'he fourth class of resistance genes belongs to the to-
mato Cf-family, encoding similar proteins with an extra-
cellular LRR and a short cytoplasmatie tail, but no NBS or
any further recognizable domain (Dixon et al., 1996).
Member of this family are Cf-2 (Dixon et al., 1998), Cf-4
(Joosten et al., 1994; Thomas et al., 1997), Cf-5 (Dixon et
al., 1998) and Cf-9 (Jones et al., 1994).

The fifth class mcludes a smgle gene, Xa2/ from rice
that presents an extracellular LRR, a transmembrane region
(TM) and a cytoplasmatic ser-thre-kinase. Thus, the struc-
ture of Xa2/ indicates an evolutionary link between differ-
ent classes of plant disease resistance genes (Song et al.,
1997).

There is still a sixth class that presents genes with no
conserved domains, as described for the previous five clas-
ses. This group comprises the gene Hm/ from maize, a
reductase  that confers resistance to  the fungus
Cochliobolus carbonum (Johal and Briggs, 1992); Mlo
from barley, a putative regulator of defense against
Blumenaria graminis (Piffanclli et al., 2002) possibly asso-
ciated to the plasma membrane (Buschges et al., 1997); and
RPWS from A. thaliana, that confers non-specific resis-
tance to the fungus Erysyphe chicoracearum (Xiao et al.,
2001).

Due to its qualities as high level of adaptability, fast
growing capacity and wood quality, Eucalypius plantations
are carried out in all tropical areas in diverse continents. Eu-
calyptus is the most widely used tree for delivering raw ma-
terial for the paper industry used in the production of
cellulose and to regenerate degraded arcas. Over the past 50
years large-scale planting of fast growing exotic £. grandis,
E. urophyla, E. saligna and many hybrids (particularly
grandis x urophyla) has occurred in Brazil aiming to refor-
est some regions and to create an adequate supply of wood,
timber and fuel for different purposes (McNabb, 2002). In
the late 2001s growing areas reached 138,132 ha, generat-
ing more than 7,398 direct employments (BRACELPA,
2004).

The advance of plantations to hot and humid areas re-
sulted in favourable conditions to the development of dis-
cases especially in young individuals that are often severely
attacked by fungal (eg Mycosphaerella cryptica,
Dichomera versiformis, Cylindrocladium spp. and
Phaeophleospora epicpccoides) and bacterial pathogens
(Barber et al., 2003, Mafia and Alfenas, 2003).

Eucalyptus Sequencing
(FOREST) aimed to identify over 15,000 expressed genes
from 100,000 sequenced EST from 19 libraries from spe-
cific tissues and stages.

Genome Consortium

I'he present work aimed to perform a data min-
ing-based identification of plant disease R-genes in
FOREST database, by using well known R-genes se-
quences as template, comparing the identified sequen-
ces with known R-genes deposited in public DNA and
protein databases.
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Materials and Methods

Amino-acid sequences of known genes have been
used as query in the search for R-gene homologues and
analogs in Eucalyptus transcriptome database. Accession
numbers at NCBI (National Center for Biotechnology In-
formation; http://www.ncbi.nlm.nih.gov) of sequences
used are shown in Table 1, together with sequences features
and accession numbers. They are grouped according to the

conserved domains previously deseribed. Members of the
sixth class (reductases and other R-genes with no recogniz-
able conserved domains) have not been mcluded in the

present evaluation.

All Eucalyptus sequences used during this work were
obtained from FOREST project and derived from ¢cDNA li-
braries specific to different tissues, organs or conditions of
growth from the species E. grandis, E. globulus, E. saligna
and E. wrophylla. For detailed information see hitps:
ests.esalg.usp.br/Librariesinfo html.

for-

Reverse alignments were realized on ‘FOREST
EG Clusters” database using the program TBLASTN
(Altschul et al., 1990), the e-value cutoff adopted was 1e®
Matching clusters to query sequences were then annotated
on a local database called ‘non-redundant” made with aid of

Resistance (R) genes in Eucalyptus

the Microsoft Access® program. Cluster name was adopted
as primary key in order to prevent data redundancy regard-
ing clusters aligning with more than one query sequence. In
the few cases when this occurred the name of both queries
has been also annotated for the respective cluster.

The clusters frame of the TBLASTN alignment was
used to predict the Open Reading Frames (ORFs) for ecach
searched cluster. For this purpose, the Expasy Translate
Tool (bo.expasy.org/tools/dna.html) was used, which pre-
dicts the correct ORF for a DNA sequence in the corre-
sponding amino acid FASTA sequence. The obtained
ORFs were subsequently submitted to a Reverse Position
Specific BLAST (RPS-BLAST) agamst Conserved Do-
main Database (Marchler-Bauer et al., 2002) aiming to
identify patterns or motifs in predicted cluster products.

Reciprocal alignments were conducted for ORFs by
downloading the nr databank and stand alone BLAST
package from NCBI fip site for local use at our server
(Laboratério de Genética e Biotecnologia Vegetal, UFPE)
performing a high-throughput alignment approach.
Matched sequences were annotated for latter comparison.

Predictions of subcellular localization have been in-
ferred by using TargetP program available at CBS (Center
for Biotechnology Sequence Analysis) Prediction Servers

I'able 1 - Classification and features of R-genes used as query against the FOREST database. The used genes are grouped in five R-gene classes (I:
Kinase; I1: LRR+NBS; I1I: LRR+NBS+TIR; IV:only LRR; V: LRR+Kinase) with respective accession number at NCBI, source species, gene name and

domain range (in amino-acids).

Class of Accession Source Giene Sequence Domain range (initial-last aa)
R-gene number species name size
LRR Kinase NBS TR
(aa) Start End Start End Start End Start End
1 21123544 Lyeopersicon esculentum Fro 321 41 136
AF234174_1 Arabidopsis thaliana HRT 909 579 868 150 460
NP_172686.1 Arabidopsis thaliana Rps3 BRO 540 636 140 444
1 AF118127_1 Lycapersicon esculentum 2 1266 574 1231 154 457
AAG31014.1 Lycopersicon esculentum Swi 1246 519 818
BAA25068.1 Oryza sativa Xal 1802 77 1773 283 5493
AAPBI262.1 Zea mays Rpl 1269 396 1228 145 457
AACTIHTT Arabidopsis thaliana RPPI 118Y% 668 1011 226 505 54 134
RP13_ARATH Arabidopsis thaliana RPPI3 835 147 453 14 148
AF440696_1 Arabidopsis thaliana RPP4 1135 642 1053 185 441 15 145
AAFO8TS0.1 Arabidopsis thaliana RPPS 1361 643 1151 188 465 14 148
RPPE_ARATH Arabidopsis thaliana RFPPE 908 577 86T 144 459 15 145
BABI1393.1 Arabidopsis thaliana Rpsd 1232 663 889 198 473 21 149
1 AAP41025.1 Lactuea serviola RGCZ 352 49 235 21 144
AFDY3649_1 Lirium wsitatissimum L 1254 607 1277 220 521 63 195
T18548 Liruim usitatissimum M 1305 744 1288 235 534 78 210
AF310960_2 Lirium wsitatissimum P 1211 693 1023 205 2348 23 153
AF202179_1 Capsicum chacoense Bs2 Q05 152 439 63 195
AS4810 Micotiana ghutinosa N 1144 597 o8 172 447 14 147
AF195939 1 Solanum tuberosum Gpal 912 561 863 119 422 14 147
CAA61264.1 Solamem tuberosum Rx! 248 23 133
CAB56299.1 Solanum tuberosum Rx2 038 561 859 138 422 78 210
CAD29728.1 Solamim tuberosum HERO 1283 304 811 54 184
v TO7015 Lycopersicon esculentum o 855 81 758
AACTESH11 Lyeopersicon esculentum o 968 96 835
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site (http://www.cbs.dtu.dk/services/). Additionally, trans-
membrane helix segments were inferred with aid of the
TMHMM program as well.

Results

After the TBLASTN alignments performed at
FOREST EG Clusters database, a total of 478 clusters
aligned with the diverse R-genes (Table 1) used as query
(data not showed). These clusters were, as described in sec-
tion ‘Material and Methods’, inserted on a local database
called ‘non-redundant’.
210 non-redundant clusters which have been annotated for
one or more than one R-gene (data summarized in Figure 1
and Tables 2 and 3).

Clusters representing exclusive R-gene classes were:
(1) serine-threonine kinase (here named KINASE): 49; (11)
LRR+NBS: 21; (III) LRRINBS+TIR: 93; (IV) Only LRR
b Transmembrane (LRR+TM): 17 and (V) LRR+TM
Kinase: 8 (Figure 1).

Regarding the sequence identity of the best align-
ment, 22 clusters showed equally significant similarity to
two different classes of R-genes. From these, 18 included
LRR plus LRR-Kinase here called MIX [ (sequence data
presented in Table 3); three included NBS-LRR plus TIR-
NBS-LRR (called MIX II) and one LRR plus Kinase
(called MIX III).

Sizes of Eucalyptus clusters aligned to R-genes varied
from 3,316 (cluster EGEQRT3301C03 classified to group
MIX-IIT) to 520 nueleotides. The prediction of clusters cod-

This procedure generated a set of

565

ing regions revealed that ORFs were coded in both forward
and reverse reading frames, with an average of 304 amino
acids (aa) in length. ORF sizes varied from 990 (cluster
EGEQRT3301C03 of the LRR-KINASE class) to
Regarding the average ORF length in each R-gene class, we
observed 417aa for KINASE, 276aa for NBS, 238aa for
TIR-NBS-LRR, 247aa for LRR-TM, 352aa for LRR-
KINASE, 372aa for MIX [, 343aa for MIX Il and 990aa for
MIX I class.

134aa.

The search for conserved domains (CD-Search) re-
vealed conserved regions (Figure 1, Table 1) in 166 of the
210 here analyzed clusters. A total of 40 clusters presented
the kinase domain, 37 of them matched to Pro gene (class )
after the TBLASTN alignment, with only three grouping
into KINASE-LRR (two of them) and MIX [II (one of
them) classes. These two classes also showed associated
LRR segments as well. Regarding the LRR domains, these
could be identified in 67 different clusters in all classes (ex-
cept KINASE class [, represented by Pto) with a total of
442 occurrences. This number is higher than the number of
clusters due to their occurrence in tandem repetitions.
Sometimes these sequences are imperfect and may be diffi-
cult to recognize with available in silico tools, so it is possi-
ble that a larger number may be identified manually.

I'wenty clusters showed the NB-ARC domain. In a
specific case, this domain occurred associated to a different
TIR domain as was cited above. Additionally, a NACHT
domain (closed-related to NB-ARC) was identified exclu-

| Literature Data | Forest Database |
Known Features of R-Genes o R pogetine %) per e ot i)
e N B ORF
— M-inDGO-Tta!:Tpit.d [ Gene Architecture kn | R (nes | TR M| () | (ae)
| I [ KINASE l ] | 49 | © - . - a0 | 2ms | se |
Pto (00) @0s8) | 68 | 218
| T2 [ coss, o o, oz | — S ElF aEE
RPSS, 12, W5, Rpl, Xal @ @y @ | 1m
[m| ARRNESTIR | — e—— | 5> | =El
RPPE, RPS4, L, M, P, N (us) (11.:) (mz) {; 134
LRR+TM O 16 . 161 | 38
| v ‘ CF-Farnity ‘ | = l ) (411) ‘ &0 | 151
v [[RR-TM-KINASE | oy o S o8 [ - - s [
Xa21 ) wn| T W
MIX|LRR, LRR+KINASE 18 - 18 - - s | 2.
I o Yamily plus Xa21 Classes IV and V a0, o | 223 | v
MIX |LRR+NBS, LRR+NBS+TIR| . 1 . . . 200 | 19
: Classes II and III 03
11 | 12 Res5, RPS4, RPPS — e | es
MIX LRR,; KINASE 1 1 5 - 1 36 | 950
IL|  clofamiy plus oo Classes I and IV 01 o 0
Legend for Conserved Domains
KINASE @ LRR I NBS m TIR B ™ O
Serine-Threonine Kinase Leucine-Rich-Repeats Nucleotide-Binding Site Toll-Interleucine -Region Transmembrane Region

Figure 1 - Representation of main R-genes classes considering the presence and position of conserved domains from literature data, as compared with £u-
calyptus clusters from FOREST database. For each class the data about significant alignments to R-genes is given, including following information: num-
ber of clusters identified for each class (clusters aligning with more than one class are not included), number and percentage of clusters per class bearing
indicated conserved domains, size range (maximal and minimum) of sequence in nucleotides (n) and of ORF in amino-acids (aa). Abbreviation:

CD = Conserved domains.
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Table 2 - Blast results and sequence evaluation of Eucalyptus R genes, including the best matches of each R gene and MIX classes: () data about the
query: gene class and name, NCBI gi | -number, species and family. (1T) Features and evaluation results of Eucalyptus clusters related to R-genes: cluster
number, cluster size in nucleotides (n), ORF (Open Reading Frame) size in amino-acids (aa), e-value; score and frame.

(1) Query Information (1) Cluster features and evaluation
Gene class & ex- Giene name NCBI gi| -nr. Plant species and family Eucalvptus cluster n. Size ORF E-value Score and frame
pected domain (n) (aa)
Plo 27754635 Arabidopsis thaliana EGEQRT3100D07 2460 m 00 10366 2
Plo 15235204 Arabidopsis thaliana EGEQRTI1(4A12 2575 847 00 9098 1
ﬁ‘l’:‘\'\m Pio 18418211 Arabidopsis thaliana EGUTFB1098HO2 2511 616 00 9040 3
AS
Pro 10177052 Arabidopsis thaliana EGCBRT3133E11 1728 575 00 7380 3
Pio 25405628 Arabidopsis thaliana EGMCRT3148C12 1703 568 00 7099 1
o 14626935 Gossypium hirsunim EGEQSLS001G09 1223 321 2006 4961 2
o5 15240263 Arabidopsis thaliana EGCCRT3339F06 922 307 186 3093 2
t:::: v o 15239124 Arabidopsis thaliana EGCBST2063A06 697 232 2.06% 2365 2
CHCfS 27754637 Arabidopsis thaliana EGACRT3321G06 1361 338 146 2346 3
cHcp 142690077 Lycapersicom esculentum EGIMCL1299H10 682 226 19e™ 2099 3
Xa2l 9651941 Glycine max EGRFRT3357D01 1584 527 00 8694 3
sy Xa2l 15239540 Arabidopsis thaliana EGEQCL1200B12 1711 570 00 6587 1
ass
LRR Xa2l 19881587 Oryza sativa EGIEST2023F09 716 238 5.6e™ 2018 1
10 Xa2l 15218385 Arabidopsis thaliana EGSBCL1280C05 725 241 786" 1914 3
Xa2l 15218385 Arabidopsis thaliana EGSBCL1280C05 725 241 3,006 1914 3
Hre 12, 85, Xal, Rpl, RI 18632501 Oryza sativa EGUTRT3110A12 1041 346 12¢ 2415 3
12, Xal, Rom1, Rpl, RI, 28300299 Manhot esculenta EGIFSL4202E08 876 291 53¢ 2157 3
Pib, Mil
Class 1T Bs2, Gpa2, I2, Rxl, Re2, 15487949 Theobroma cacao EGEQCLI001FO8 934 31 2.1e™ 2072 1
NBS SwS, Xal, RpIMII
LRR
Gpa2, Rx2, Rpmil, RI, Pib, 12 28300299 Man thot esculenta EGIERT3 026012 804 267 77e% 1984 2
Gpa2, Hrt, Rppl3, Rpp8, Rx2, 22775643 Oryza sativa EGCECL1282E03 77 231 L1e* 194,1 1
$w3, RomIR1, Pi-Ta, Pib
LM N, P, Rppl, Ropd, 7488903 L. usitatissimum EGIMFB1107C10 1395 445 1768 1112 1
Rpp3, Rpsd
LM N, P, Rppl, Ropd, 9965103 Glycine max EGMCLV2264D03 1155 329 746 2820 3
Class 111 Bpp3, Rpsd
r:IuRs LM N, P. Rppl, Rppd, 12056928 Glycine max EGIEST2234G10 1270 420 8.8e™ 2789 .
N ppS, Rpsd
LRR Rpp3. Ry
LM, N, P, Rppl, Ropd, 27764536 Glycine max EGIMST6019E06 1155 3s1 3.06% 2635 1
Rpps, Rpsd
L M NP Rppl, Rpps, Rpst 23477203 Populus balsamifera EGCBRT6029A01 1227 378 2,604 2538 1
CH, Cf5, Cf9, Xa2l 25287710 Arabidopsis thaliana EGBMRT3129F10 2129 709 00 7053 2
st Cft, Cf5, Cf9, Xa21 21391894 Lycopersicon peruviamum EGCEST2256F04 1687 561 00 704,1 3
(LRRand Ct, CfS, Y, Xa2l 15240215 Arabidopsis thaliana EGUTFB1136E01 1911 595 50061 6059 2
LRE-KIN) Cft, Cf5, Cf9, Xa21 15240528 Arabidopsis thaliana EGEZST2207A10 2237 465 2006 5108 1
Cfs, Xa2l 15230539 Arabidopsis thaliana EGEQRT3201E07 1229 376 40067 4557 1
MIX 11 Rpps, Rpsd, 12 15218365 Arabidopsis thaliana EGEZRT3006B12 2109 616 11e% 2030 3
I[_::*RNH'-‘; Ropps, Rpss 15221252 Arabidopsis thaliana EGEQST6001H02 778 234 8.9¢ 1414 1
al
NBS-LRR Rpp3, Rpss 15487963 Theobroma cacao EGIEC LI1208G03 871 149 sge 1105 1
MIX 111
KINASE Cfs, €, Pro 26450791 Arabidopsis thaliana EGEQRT3301€03 3316 990 00 12039 1
and LRR

sively in two  TIR-NBS-LRR related clusters  with emphasis on A. thaliana. From monocots only rice (O.
(EGCCCL1328B05.g and EGSBRT3118HO1). sativa) sequences appeared as best matches (11 clusters).

Most of the 44 clusters with no conserved domains ~ One of the sequences from MIX III group aligned with
presented shorter ORFs (262 aa in average), with four of Pinus silvestris (Gymnosperm), the only non-Angiosperm
them presenting a putative transmembrane region. included in the present study. A comprehensive mventory
of all species that aligned with Eucalyptus with their taxo-
nomic affiliation and habit (herbaceous or woody) is pre-
sented in Table 4.

A graphic representation of the distribution of con-
served domains as compared with class-grouped clusters is
presented in Figure 2.

Considermg the best matches to the 210 clusters iden- I'he post-translational inferences carried out for clus-
tified, 198 were from plants of Dicotyledonous families,  ter products (TargetP program) revealed a large number of
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Table 3 - FOREST clusters classified in the MIX T group, resembling to genes which belong to LRR and LRR-KINASE classes, including: respective
templates (query sequences), cluster number and size in nucleotides (n), ORF-size in amino-acids (aa), range of LRR domain after CD-search, identity
and results of the best alignment (BLASTp) in NCBI (GI number, species, score and e-value).

Template Cluster Size (n) ORF LRR-domain Gl Description Score  E-vale
(a3) Start End
EGBMRT3129F10.g 2129 Ty 139 620 25287710 Arabidopsis thaliana T05.3 00
EGUTFB1136E01.g 1911 543 41 523 15240215 Arabidopsis thaliana 605.9 5¢'7
O EGEZST2207A10.g 2237 465 2 262 15240528 Arabidopsis thaliana 5108 26"
:;g EGEQST2201G12.g 2044 412 36 223 25402587 Arabidopsis thaliana 3609 1.7¢*
).(aEI EGUTRT3368G02.g 789 265 3% 254 15225805 Arabidopsis thaliana 3232 26"
EGCEST2256FM4.g 1687 561 22 501 213918494 Lyveopersicon peruvianum 7041 0.0
EGUTSL4018B05.g 1384 447 G6 432 3EBA3RS Lyeopersicon esculentum 2573 367
€5, Y EGSBRT3314G03.g 1263 412 118 380 15223460 Arabidopsis thaliana 2083 [
Xa2l EGBMRT3131G11.g 1155 Jh4 2 336 15237312 Arabidopsis thaliana 3464 4.7¢%
EGEQRT3201E07.g 1229 376 106 348 1523053% Arabidopsis thaliana 4557 4™
EGABST2047C09.g 773 210 13 180 15225803 Arabidopsis thaliana 24456 1.9¢*
EGBMSLAD23G05.g 729 242 4 219 15237426 Arabidopsis thaliana 2269 1.7¢*
EGCBST6013F02.g BOB 265 32 254 18700171 Arabidopsis thaliana 21435 1.0e**
5‘(?31 EGCESL5078H03.g 771 257 27 245 15237426 Arabidopsis thaliana 2111 L1e*®
EGBGLV3221H06.g 734 235 24 213 FEB4ERG Lyeopersicon esculentum 20007 1.2¢™
EGCBRT6MEFO1.g T3 237 13 227 3641252 Malus X domestica 3274 8.9¢*
EGEZST2003B08.g 1586 353 07 340 214952787 Cryza sativa (ov. japonica) 3047 1.2¢™
EGEPSLAMGGO9.g 837 278 % 251 12054894 Pinus sylvestris 2404 1.9¢%

predictions (Figure 3). The reliability class (RC), which is a
confidence measure for the prediction, showed that only 11
sequences were defined into RC1 (higher than 80%), and
53 for RC2 (higher than 60%) class. Most of the sequences
are predicted to be located at unspecific subcellular local-
ization (133 sequences) while 35, 20 and 19 were predicted
to contain mitochondrial targeting, signal and chloroplast
transit peptides, respectively (Figure 3).

After evaluation with the TargetP program, se-
quences with motifs specific for transmembrane anchoring

could be identified in 44 of all analyzed sequences. From
these 19 belonged to LRR or LRR-KINASE-related se-
quences and, unexpectedly, five showed to be TIR-NBS-
LRR and 20 to be KINASE-related sequences.

Discussion

The reverse alignment (TBLASTN) strategy
(Altschul er al., 1997) adopted by our group identified a
set o' 210 clusters similar to the major classes ol discase

R-genes in the current version of the FOREST database,

Ly
190 189
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37
30116
9
m |
10 I RiNASE | IRR LRR, |LRR.LRR-| LRR- NBS- | TIR-NBS- | TIR-NBS-
KINASE | KINASE | KINASE | LRR LRR  |LRR, NBS-
LRR
[ELRR 16 80 9 189 32 19 17 5
BNACHT 2
O NB-ARC 9 17 1
mKINASE| 37 ] 3
TR 39

Figure 2 - Graphic representation of the distribution of conserved domains against class-grouped clusters. Values on the base after each domain indicate
the number of clusters of each class presenting the indicated domain (also represented in the corresponding columns). Abbreviations:
LRR = Leucine-rich-repeats; NB- ARC = Nucleotide-binding-site and additional motifs; NACHT = NB-ARC related domain, including an NTPase impli-

cated in apoptosis and MHC transposition activation.
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Table 4 - Inventory of the organisms that appeared as best alignment to
each of the 210 here identified Eucalyptus clusters related to known
resistance genes. The organisms are grouped by gene class (I to V and
MIX I to IIT), taxonomic affiliation (class, subclass, family and species)
and habit (herbaceous or woody). Numbers in parenthesis indicate amount
of gene members in each taxonomic group or species.

Gene Higher taxonomic Family Species Habit
class affiliation
B (43) Arabidopsis thallana (42) H
Brassica napus (1) H
Curcubitaceae (1) Cucumis medo (1) H
1 Dicots (46)
KINASE Salicaceae (1) Populus nigra (1) W
Solanaceae (2) Capsicum anwm (1) H
MNicotiana tacabum (1) H
Monocots (2) Poaceae (2) Oryza sativa (2) H
Asteraceae (1) Lactuea sativa (1) H
B (6) Arabidopsis thallana (6) H
Euphorbiaceae (3) Manifot esculenta (3) w
1 Dicots (14) o X 5 - . =
eguminosae veine ma
LRR-NBS B @ gacke e
Phaseolus vulgaris (1) H
Sterculariaceze (2) Theobroma cacao (2) W
Monocots (7) Poaceae (7) Oryza sativa (T) H
By (10) Arabidopsis thallana (10) H
Curcubitacese (5) Cuctimis melo (5) H
Leguminosae (10) Glyeine max (10} H
Asteraceae (14) Helianthus ammas (14) H
I
9 Linaceae (34) Lirum wsitatissimum (34) H
NBS- Dicots (93)
LRR- ) Euphorbiaceae (1) Manihot esculenta (1) w
TIR
Salicaceae (12) Papulus balsamifera (10) W
Populus fremula (2) W
Solanaceae (7) Lyeopersicon esculentum (1) H
Solaruem tuberosum (6) H
B e)) Arabidopsis thaliana (7) H
Leguminosae (1) Glyeine max (1) H
Malvaceae (1) Gossypium hirsutum (1) W
Solanaceae (8) Lyveopersicon esculenium (3) H
Iv
Dicots (17)
LRR Lyeopersicon hirsutum (2) H
Nicotiana tabacum (1) H
Petunia X hybrida (1) H
Sodarum tuberosum (1) H
B (6) Arabidopsis thaliana (6) H
¥ Dicots (7)
LRR- Leguminosae (1) Glyeine maxil) H
KINASE tonocot (1) Poaceae (1) Oryza sativa (1) H
Brassicaceae (12) Arabidopsis thallana (12) H
Solanaceae (3) Lyveopersicon esculentum (2) H
Dicots (16)
Lyeopersicon peruvianum (1) H
MIX T
Rosaceae (1) Matus X domestica (1) W
Monocot (1) Poaceae (1) Oryza sativa (1) H
Gymnosperm (1) Pinaceae (1) Pirus svlvestris (1) W
MIX 11 Dicots (3) B 2) Arabidopsis thaliana (2) H
Sterculariaceae (2) Theobroma cacao (1) W
MIX I Dicot 1 B 1) Arabidopsis thallana (1) H
Synopsis regarding features of aligned species
N. Y%
Grouped by taxonomic Dicots 198 44,3
Ffil iati
ariiliaton Monacots 1 52
Giymnosperm 1 0.5
Grouped by habit Herbaceous 187 89.0
Woody 23 10,9

Resistance (R) genes in Eucalyptus

what comprises 0.63% of the actually generated clusters.
This approach allowed the identification of a large set of
candidate sequences by using various representative
genes per class, while some recent works employed few
genes (Koczyk and Chelkowski, 2003). Using several pre-
viously described and sequenced R-genes as template was
auseful and low-time consuming strategy in the search for
R-genes candidates in plants. In this approach it was ex-
pected that some similar genes grouped at the same class
should cause some level of redundancy (Meyers et al.,
1999). The strategy of generating a local database (called
non-redundant) by adopting the cluster number as a pri-
mary key register was very effective in the solution of this
problem. Additionally, this approach was useful in the
identification of the respective R-gene class for cach Eu-
calyptus cluster,

The number of R-genes here identified is quite high,
especially considering that none of the 19 libraries were ob-
tained under pathogen stress condition. By the other hand,
when additional ESTs are generated especially under infec-
tion by pathogen, many of the identified clusters may be
united in larger clusters of R-genes that may include more
domains.

Evidences have shown that R-genes are quite abun-
dant in higher plants, but the most functionally defined
R-genes belong to the supergene LRR-NBS family. After
completing the whole genome sequencing ol the model
plant A. thaliana a total of 85 TIR-NBS-LRR have been
identified (The Arabidopsis Genome Initiative, 2000), less
than the number of clusters (93) actually identified in Euca-
lyptus. Especially genes containing NBS-LRR domains
were estimated to be in number of ca. 166 for A. thaliana
and ca.600 for rice (O. sativa) by Richly et al. (2002), but
this later number is still not confirmed.

30 q

24 oc

25 4

20

LRR

KINASE
NBS-LRR
Mix I
Mix 11

LRR-KINASE
TIR-NBS-LRR

Figure 3 - Subcellular prediction for each class ofanalyzed R genes in Eu-
calyptus transcriptome, considering the predictions whit RC1 and RC2 of
Target-P program. Legend: C = Chloroplast transit peptides; S = Secretory
pathway; M = Mitochondrial targeting; *-" = No specific localization;
LRR = Leucine-rich-repeat: NBS = Nucleotide-binding-site; TIR = Toll-
interleucine-1 receptor.
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A recent work reevaluated and reannotated all NBS-
LRR encoding genes in A. thaliana genome database, re-
vealing 149 genes of this class (including 94 TIR and 55
non-TIR sequences) in the genome of A. thaliana (Meyers
et al., 2003). In our evaluation of FOREST database we
found 114 clusters (93 and 21, respectively) of this class. It
is interesting to note that in the evaluation of Meyers et al.

(2003) not only the presence of the TIR or of the CC motif

was determinant for the grouping of both distinct classes.
Also the NBS-LRR domains co-evolved and were determi-
nant in the divergent evolution of the two groups, with the
CC-bearing sequences forming four subgroups and the
TIR-bearing sequences forming eight subgroups, regarding
the size, composition and order or introns and exons.

Pan et al. (2000) compared tomato and Arabidopsis
sequences of this class by systematically amplifying the
tomato genome using a variety of primer pairs based on
ubiquitous NBS motifs, generating 70 sequences, from
which 10% were putative pseudogenes. The sequences
were also used in mapping approaches, revealing a clus-
tering R-gene homologues between tomato and potato
(Solanum tuberosum, also from the Solanaceae family).
Clustering of R-genes was also detected in 4. thaliana,
with most of the genes located in chromosomes 1 (49) and
5(55), confirming the initial hypothesis that these genes
are clustered in few chromosomes (The Arabidopsis Ge-
nome Initiative, 2000). This fact was also observed in
other crops, as chickpea (Cicer arietinum; Benko-lseppon
et al., 2003). In this last case, with some synteny and
colinearity within this species and Arabidopsis. The clus-
tering of R-genes in specific chromosomes and the exis-
tence of conserved domains have allowed the
establishment of interesting strategies for identification,

mapping and breeding directed to the incorporation of
such genes from wild relatives. Considering the number of

genes from this group in this last species, it is to expect
that they are also clustered in Eucalyptus, whatcan also be
valuable for the establishment of Eucalyptus breeding
strategies in the future, especially considering the previ-
ous existence of mappimg populations for this crop.
Overall amotation revealed that Arabidopsis also
carries homologues of other R-gene classes, including 174

genes encoding LRR-kinases (Xa2/ group), but many of

which are likely to play a role in development rather than
defense (Jones, 2001). The present work revealed only
eight clusters with significant homology to Xa2/ but this
number can increase if only the kinase sequence is used as
template, since the LRR may be quite variable between rice
and Eucalyptus. Exceptional R-genes have proven to pro-
vide durable disease control, due to the fast evolving patho-
gen genome that breaks resistance. The Xa2/ gene is an
important exception to this rule that reveals the full poten-
tial of R-genes for breeding purposes (Rommens and
Kishore, 2000). This may be very valuable especially con-
sidering the possibility of pyramidization of such genes in

569

important crops, increasing the potentiality of an effective
specific R-Avr intection.

Another abundant family of R-genes in plants is the
ser-thr-kinase with about 50 genes n Arabidopsis encoding
protein kinases that are strongly homologous to tomato’s
Pto gene (Jones, 2001). In Eucalyptus we found almost the
same number (49) of clusters also with high homology to
the Pto sequence.

Regarding R-gene classes identified in Eucalyptus, an
interesting phenomenon was observed in the present work:
R-genes pertaining to different classes were able to align
significantly to the same cluster on Fucalyptus database.
This can be explained by the evidences that known R-genes
combine a limited number of related functional domains
(Ellis et al., 1999, 2000a). Then, similar motifs would be
present in different R-genes, and it is possible that a gene
resembling to a determined class may search another be-
longing to a different class by local similarity at the site of
the conserved motif. But in the practice, previous works do
not speculate this possibility, once that the genes identified
for specific R-genes are directly assigned to its own class as
shown by evidences raised from works previously reported
(Ronald, 1997; Jones, 2001; Romeis, 2001).

The MIX class one (MIX [) included 18 clusters re-
sembling to genes which belong to both LRR and LRR-
KINASE classes. These clusters were searched basically by
using Cf (Jones et al., 1998) and Xa2l (Song et al., 1995)
amino acid sequences as queries. In this case, the most
plausible explanations would be the presence of the LRR
domain, common to both classes, being responsible for the
alignment and grouping of some clusters inboth classes. By
the other hand, LRRs are referred as fast evolving se-
quences and are in some cases quite imperfect, making
manual annotation necessary. Ofien ther amino-acid se-
quences are quite specific to their gene group (Dixon et al.,
1998; Ellis et al., 1999). For example, using the LRR of
Xa2l against GenBank database will reveal significant
alignments only to Xa2/ genes of rice (and some other
Poaceae) and less significantly to Arabidopsis, but no se-
quence including other gene classes align significantly. A
similar approach to the present work was used for the anal-
ysis of SUCEST (Sugarcane EST project, also running in
Brazil) database (Morais, 2003) with no similar results.
Song et al., (1997) suggested that the structure of Xa2/
(here referred as class V) itsell indicates an evolutionary
link between different classes (1 and IV) of plant disease re-
sistance genes. May this be the case of'this cluster that pres-
ent a new link between two classes and can represent a new
gene for Angiosperms?

Another surprising result was obtained by analyzing
the unique cluster with both domains LRR and KINASE. It
would be expected to find both domains in genes resem-
bling Xa2/ but this cluster (EGEQRT3301C03.g) showed
itself similar to both Pto (class 1, described by Martin et al.,
1993) and Cf (Class IV, described by Jones ef al, 1994)
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genes. This double similarity occurred on different motifs.
The Pto gene is known to encode a ser-thre-kinase protein
(Martin et al., 1993) and it was at this motif that the cluster
showed similarity to this gene. On the other hand, Cf'genes
encode extracellular LRRs and it was at the LRR motif that
the similarity was found. This cluster could be grouped in
the LRR-KINASE class. So, why did it not align with
Xa2l, the single known gene with both LRR-KINASE do-
mains? It should be answered by analyzing the KINASE-
related clusters, Despite of the conservation of this region
(Romeis, 2001), none of the Pro (KINASE) or Xa2/ (LRR
and a receptor-KINASE) related clusters were mixed
(aligned together) during the annotation process. This
shows that the kinase segment 1s less-redundant than LRR
at least during our in silico gene prediction, once that the
kinase CD is present in both Pto and Xa2l genes, they do
not caused the mixture of their matching clusters on a
mixed class.

The last case of mixture occurred to MIX ¢lass I in-
cluding the motif TIR-NBS-LRR. Two of the three clusters
pertaining to this mixed class (EGEQST6001H02.g and
EGJIECL1208G03.g) were searched at the FOREST data-
base by the genes RPP5 (TIR-NBS-LRR; Parker er al.,
1997) and RPS5 (NSB-LRR; Noel et al., 1999). The third
cluster (EGEZRT3006B12.g) was obtained through scarch
using RPP35 and RPS4 (both TIR-NBS-LRR; Gassmann et
al., 1999) and I2 (NBS-LRR; Simmons et al., 1998) que-
ries. We initially supposed that the redundancy was due to
the presence of NB-ARC (NBS) conserved motif. How-
ever, the first two clusters did not show any motif after in
silico CD-search and, again, the region that apparently
caused the mixture of the classes was the LRR motif, once
that it was predicted in cluster EGEZRT3006B12.g.

In view of the results discussed above, could we spec-
ulate that Eucalyptus bears some new classes of R-genes?
Before taking further conclusions and in order to solve the
questions raised by the present work, we intend to evaluate
these groups of clusters in regard to their domain and
interdomain structure and organization, evaluating also the
clusterization process, before taking further conclusions.

The conserved domains (CDs) identified during our
investigation showed that most of the Eucalyptus predicted
sequences possess the same motifs shared by discase
R-genes. The CD with the higher level of sampling was
LRR, which was present in all classes (except KINASE
class I, represented by Pro) with a total of 442 occurrences.
The other frequent domain shared by R-genes, the NB-
ARC, was observed in 27 sequences, notably m TIR-NBS-
LRR and NBS-LRR predicted clusters. This motif is com-
monly found in such sequences, and it is proposed that
NB-ARC plays arole in activation of downstream effectors
(van der Biezen and Jones, 1998) by their sequence similar-
ity to mammalian CED-4 and APAF-1 proteins which are
involved in apoptosis (Chinnatyan et al., 1997). In plants

the TIR motif is found only associated to NBS regions of

Resistance (R) genes in Encalyptus

dicotyledones, being possibly absent in monocotyledones
(Meyers et al., 1999). In Eucalyptus (a eudicot genus of the
Myrtaceae family) TIR domains were quite abundant, as
expected, being found in 39 clusters (all from TIR-NBS-
LRR-class).

Another very common motif present in two classes of
disease R-genes is the kinase domain. This motif is shared
by Pto (ser-thre-kinase) and Xa2/ (receptor-kinase) genes,
members of the KINASE and LRR-KINASE classes, re-
spectively. We found that all kinase domains found were
associated to the classes KINASE, LRR-KINASE and MIX
I11. As commented here, despite of its conservation, this do-
main generally does not cause redundancy while searching
in databases.

Transmembrane motifs were found only in 44 of all
analyzed sequences. Of these clusters five TM were, unex-
pectedly, found in TIR-NBS-LRR-related sequences (a
group of R-genes that acts at the intracellular level), while
the remaining 19 were as expected LRR or LRR-
KINASE-related sequences.

[nformation regarding the localization of disease re-
sistance proteins in plant cells is stll scarce (Martin, 1999).
Spatial organization is usually variable among distinct gene
classes and tissues affected, and there are no strong evi-
dences in favor of conserved correspondence between R
and Avr products spatial occurrence (Bonas and Lahaye,
2002). However, immunocytochemistry approaches al-
lowed the subeellular localization of some Avr and R com-
ponents (Boyes et al., 1998). Here, we adopted an in silico
approach which uses neural network-based methods to pre-
dict the topology (i.e. localization) of protein sequences of
the selected clusters. In spite of the large number of predic-
tions obtained, only 11 sequences were defined into RC1
(reliability class 1 = 80%), and 53 for RC2 (= 60%). Of
these significant predictions, we observed that neural net-
work was able to predict the localization of only a small
number of proteins (29.62%) compared to the total sample
of Eucalyptus R-genes. This percentage of representation is
much lower than the 80% obtained for plant test sets carried
out by Emanuelsson et al. (2000) with the same approach. It
is important to note that these predictions are based on the
N-terminal information available for sequences. Thus, this
low number of predictions can be explained by the fact that
the FOREST database was obtained from expressed se-
quence tags, an approach that usually do not include N-
termini for many EST gencrated.

Our Eucalyptus transcriptome cDNA sequence analy-
sis revealed that there are 210 clusters with significant align-
ment to major classes of plant discase R-genes. Differentially
from the other genomic efforts, as O. sativa (Goff et al.,
2002) we used a redundant set of well described R-genes to
screen for RGAs (Resistance Genes Analogs) on FOREST
database. This proved to be a very sensitive approach, since
best maitches in NCBI present sometimes annotation mis-
takes and we also observed during the present work that
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some of the best GenBank matches to Eucalyptus R-clusters
presented no conclusive description of function. This was
also the case also of the first annotation of Arabidopsis ge-
nome sequences, as pointed out by Meyers et al., (2003). Af-
ter reannotation of NBS-LRR sequences a total of 56 of the
A. thaliana R-genes had to be corrected from carlier evalua-
tions on GenBank (Meyers et al., 2003). These results show
how important procedures as annotation and detailed evalua-
tion of generated sequences are. These evidences bring to re-
flections about the strategic design of many genome and
transcriptome projects, considering that the data mining is
not expensive (normally only fellowships are needed) but
still receive few investments from financing agencies, di-
minishing the final impact of the results.

I'he comparison of our results regarding the number
(and maybe the organization) of identified Eucalyptus clus-
ters was mainly with A. thaliana, especially due to the lack of
open databases for other plant species with EST projects.
Many differences considering the here analyzed R-related
sequences can be explained by using diverse arguments: (1)
The larger genome of Eucalyptus (e.g. E. grandis with
640 Mbp; Myburg et ai., 2003) in contrast with the small and
“compact” genome of A. thaliana (120 Mbp) (i1) The distant
taxonomic position: both are dicots, but distantly related
families (Brassicaceae and Myrtaceae) and finally (iii) the
different levels of complexity: Eucalyptus is a wood peren-
nial plant species and Arabidopsis 1s an annual herb. Herba-
cecous species are often regarded as faster evolving than
woody species considering different morphological and ge-
netic aspects (Bennet, 1972, Enrendorfer, 1982, Morawetz
1984, 1986, Bennet and Leitch, 1995, 2000).

Considering these evidences we observed that most of
the information regarding R-genes available in databases re-
fer to herbaceous (not woody) crop plants (few wild plants),
maybe because most identified and sequenced R-genes were
consequence of mapping approaches that are very time con-
suming in woody plants and difficult to realize in open polli-
nated species. The larger number of sequences from A.
thaliana representing best alignments to Eucalyptus does not
represent a higher similarity to this plant species, moreover it
reflects the large number of sequences of this model plant
deposited i GenBank. In our evaluation, only 23 woody
species appeared as best matches for the clusters studied, m-
cluding 22 species from different dicotyledonous families
and one Gymnosperm species (Pinus sylvestris). This may
justify some of the surprising results obtained in the present
work and suggest that identification of R-genes in a larger
number of taxonomic groups may be a very promissory ap-
proach to understand the natural evolution of these se-
quences when not affected by the mfluence of man.
Regarding the actual knowledge of R-gene structure and di-
versity, some authors suggested that this gene class evolves
faster than other genes (Ellis e al., 2000b) what should be
evaluated ina larger number of taxonomic entities including
wild species and also primitive taxa.

Concluding Remarks

Using bioinformatic tools it was possible to identify
classify and verify the actually sequenced R-genes in Euca-
lyptus transcriptome. No previous sequences of this type
could be found in protein or nucleotide databases for this
crop. The identified sequences will be valuable resources
for the development of markers for molecular breeding and
identification of RGAs (resistance gene analogs) in Euca-
lyptus and other related species. The identified clusters con-
stitute also excellent probes for physical mapping of genes
in this species, giving support to genetic mapping programs
and synteny studies. Considering the size of some clusters,
they may also be used for fluorescent in situ hybridization
(FISH) on Eucalyptus chromosomes, helping also in the
comparison of different parental species and the respective
hybrids.

The present work on Eucalyptus, based on FOREST
database brought some light to the existing R-gene group in
this important crop species and also regarding resistance re-
sponse in higher plants, leading to the following conclu-
sions:

« All five gene classes of R-genes with their respec-
tive conserved domains are present and expressed in Euca-
lyptus.

» Some new combinations of domains and motifs of
R-genes may be present in Eucalyptus and could represent
novel R-gene structures, what should be analyzed in detail.

* Despite the lack of libraries from tissues ellicitated
by pathogens a high number of R-genes was found in differ-
ent libraries of FOREST project. This may suggest, that the
identified clusters are expressed constitutively but also
leads to the supposition that a higher number of R-genes
may be present in Eucalyptus under other experimental
conditions.

Besides the detailed analysis of different groups of
genes and domains we intend to evaluate the expression of
the selected clusters in the different libraries of the project.
Furthermore, some additional efforts may be necessary to
complete some sequences of R-genes, especially consider-
ing that their size vary between 321 (in case of Pio) and
1802 amino-acids (in case of Xa/ gene) and many identi-
fied sequences possibly present incomplete domains.

Further in silico, in vitro and in vive evaluations of
Eucalyptus genome may be a very promissory approach.
Manipulation of the expression of these genes in economi-
cally important woody plant species aiming to improve dis-
case resistance is necessary. Despite of the challenge that
this mission may represent, some reports indicate that this
strategy 1s feasible.
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6. CONSIDERAGOES FINAIS

O desenvolvimento de ferramentas computacionais para tratar dados bioldgicos e facilitar a
extragdo de novos conhecimentos a partir dos dados gerados obteve imensa importancia nos
Ultimos anos. Nesta tese procuramos seguir essa abordagem, desenvolvendo ferramentas e
componentes de softwares que pudessem ajudar ao desenvolvimento da base de dados proposta
inicialmente, a Plant Defense Mechanisms Database.

Através da ferramenta de mineragéo de texto LAITOR, distribuimos um recurso adicional que pode
ser aplicado ndo apenas na andlise de dados de plantas, mas sim aos diversos tipos de dados
biol6gicos mencionados na literatura, sendo, para isso, apenas necessédria a adaptacdo dos
dicionarios utilizados pelo programa.

O método Seed Linkage é um método inédito no tocante ao estabelecimento de clusters de
proteinas relacionadas utilizando regras de melhor hit cruzado em genomas completos ou
incompletos a partir de uma Unica seqliéncia fundadora, o que faz com que apenas clusters de
uma determinada proteina de interesse seja considerado, ideal para a rapida identificacdo e
expansao de proteinas relacionadas a mecanismos especificos, sem ter, para isso, que considerar
todos os genomas envolvidos.

Para a obtencao de informagdes pertinentes a cada uma das seqiéncias agrupadas nos clusters
acima descritos, nés desenvolvemos uma biblioteca que permite a atuacdo de scripts em PHP
como clientes SOAP do servidor SRS instalado no EMBL, nosso colaborador nesse projeto.

Os trés recursos acima foram possiveis gracas a bolsa de doutorado sanduiche concedida ao
aluno Adriano Barbosa pela CAPES. Durante a estadia no EMBL, foi possivel que o aluno fosse
treinado no tocantes as tecnologias de aquisicdo de dados via Web Services usando o protocolo
SOAP, assim como o contato com os métodos de mineracéo de texto empregados pelo grupo do
professor Reinhard Schneider, co-orientador desta tese. Além disso, Adriano pode desenvolver
sua metodologia de agrupamento de seqiiéncias nomeada Seed Linkage, a partir de diversas
discussoes entre os dois grupos de pesquisas: o Laboratério de Biodados na UFMG e o Data
Integration and Management Group no EMBL, o que sem duvida fortaleceu os lagos entre estas
duas instituicbes de ponta e pesquisa no Brasil e na Alemanha. Atualmente adriano mantém
contato com diversos pesquisadores do EMBL, que por seu carater dindmico, em breve, novos
grupos serdo liderados por esses contatos 0 que viabilizara o intercdmbio cientifico entre os grupos
a serem originados e o Brasil.

A base de dados PDM, tema inicial do projeto de doutorado de Adriano, esta ainda em pleno
desenvolvimento, porém as informagodes iniciais depositadas na base de dados foram frutos dos
diversos métodos desenvolvidos e apresentados neste trabalho. Esperamos aprimorar o contetdo
da base de dados utilizando os métodos ja descritos bem como os novos recursos a serem

desenvolvidos daqui pra frente.
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